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Referat
Lithium-Ionen-Batterien (LIB) wecken großes Interesse aufgrund ihrer breiten Palette von
Anwendungen zum Beispiel in der tragbaren Elektronik, Elektrofahrzeugen (EVs) und
Raumfahrttechnik. Insbesondere hat das Aufkommen einer Vielzahl von nanostrukturier-
ten Materialien die Entwicklung einer neuen Generation von LIBs angetrieben, die von ho-
her spezifischer Energie und großer Leistungsdichte gekennzeichnet ist.
In dieser Arbeit wird „Rolled-up Nanotechnologie“ für die Entwicklung von LIB-Anoden
aus verspannten Materialien vorgestellt. Bei diesem Ansatz können selbstgerollte Nano-
strukturen mit verschiedenen funktionellen Materialien kombiniert werden und bilden eine
röhrenartige Form. Darüber hinaus erleichtert das Röhrcheninnere den Massenfluss des
Elektrolyten und bietet Platz für Volumenänderung beim Zyklisieren. In diesem Zusam-
menhang sind solche Strukturen vielversprechende Kandidaten für Elektrodenmaterialien
von LIBs.
Diese Arbeit beschäftigt sich mit der Entwicklung von aufgerollten Heterostrukturen ba-
sierend auf Si/C und SnO2/Cu für LIB. Silizium ist ein vielversprechender Ersatz für
Graphitanoden aufgrund seiner Verfügbarkeit und seiner hohen theoretischen gravime-
trischen Kapazität. Die Röhrenform bietet ein verbessertes elektrochemisches Verhalten
gegenüber kommerziellen Si-Mikropartikeln, welches durch doppelseitige Kohlenstoffbe-
schichtung noch verbessert werden kann. SnO2 ist ein weiterer potentieller Ersatz für
kommerziell verwendete Graphitanoden. Zudem lasssen sich mit „Rolled-up Nanotechno-
logie“ interssante Heterostrukturn mit höherer Volumeneffizienz herstellen. Diese neuar-
tigen Strukturen bieten aufgrund minimierter Verspannung mehr aktive Stellen für elek-
trochemischen Reaktionen und auch zusätzliche Kanäle für schnelle Ionendiffusion und
Elektronentransport. Die elektrochemische Charakterisierung und Entwicklung der Mor-
phologie solcher Strukturen zeigen hervorragende Leistung und Stabilität während des
Ladezykluses.
Stichworte: Rolled-up Nanotechnologie, Verspannung, Nanomembranen, Mikroröhrchen,
Lithium-Ionen Batterien, Anode, Sandwich-Stapelstruktur, Energiespeicher
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Abstract
Lithium ion batteries (LIBs) have attracted considerable interest due to their wide range
of applications, such as portable electronics, electric vehicles (EVs) and aerospace appli-
cations. Particularly, the emergence of a variety of nanostructured materials has driven
the development of LIBs towards the next generation, which is featured with high specific
energy and large power density.
Herein, rolled-up nanotechnology is introduced for the design of strain-released mate-
rials as anodes of LIBs. Upon this approach, self-rolled nanostructures can be elegantly
combined with different functional materials and form a tubular shape by relaxing the int-
rinsic strain, thus allowing for enhanced tolerance towards stress cracking. In addition, the
hollow tube center efficiently facilitates electrolyte mass flow and accommodates volume
variation during cycling. In this context, such structures are promising candidates for elec-
trode materials of LIBs to potentially address their intrinsic issues.
This work focuses on the development of superior structures of Si and SnO2 for LIBs
based on the rolled-up nanotech. Specifically, Si is the most promising substitute for
graphite anodes due to its abundance and high theoretical gravimetric capacity. Combi-
ned with the C material, a Si/C self-wound nanomembrane structure is firstly realized.
Benefiting from a strain-released tubular shape, the bilayer self-rolled structures exhibit
an enhanced electrochemical behavior over commercial Si microparticles. Remarkably,
this behavior is further improved by introducing a double-sided carbon coating to form
a C/Si/C self-rolled structure. With SnO2 as active material, an intriguing sandwich-
stacked structure is studied. Furthermore, this novel structure, with a minimized strain
energy due to strain release, exposes more active sites for the electrochemical reactions,
and also provides additional channels for fast ion diffusion and electron transport. The
electrochemical characterization and morphology evolution reveal the excellent cycling
performance and stability of such structures.
Keywords: rolled-up nanotechnology, strain-engineering, nanomembranes, microtubes,
lithium-ion batteries, anode, sandwich-stacked structure, energy storage
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1 Introduction
1.1 Background
1.1.1 Energy issues
Energy is one important lifeblood on which our modern society relies, and over 85 % of our
current energy sources are from non-renewable sources like oil, coal, natural gas etc..[1]
The future global economy, especially the rising energy demand in developing countries,
is likely to consume ever more energy.
However, we are facing the crisis that these energy sources will run out in the near future.
The remaining oil will be expensive and difficult to produce, refine and transport. In-
evitably, supplying fossil fuel energy is more difficult due to the risk of depletion, gradually
rising price and reduced quantity, which will seriously affect our daily life in turn. More-
over, a dependence on foreign oil and/or gas creates national vulnerabilities that endanger
social stability. In the meanwhile, the use of fossil fuels associates with a tremendous risk
of environmental pollution and global warming, making supply of this energy increas-
ingly thorny. As a consequence, these challenges require an urgent demand of new energy
sources which are sustainable, safe and environmentally friendly.
Renewable energy sources, including hydro-electric power, wind, solar, tidal and geother-
mal power, are quite promising in replacing fossil fuels.[2] They are not depleting with
usage and without CO2 emissions as well as dangerous wastes. However, these dynamic
resources vary with time and geographic conditions, which make them cumbersome to be
used stably and deterministically. In general, these energies are employed in the form of
electricity. As a result, efficient electrical energy storage (EES) systems are required for
the utilization of electricity generated from these intermittent renewable sources, so as to
meet the supply on demand.
1
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1.1.2 Electrochemical energy storage
It is noticeable that electrochemistry opens up a probability for energy conversion and
storage. Through the electrochemical processes, electrical energy can be stored in the
form of chemical energy while be released when required by use via reduction-oxidation
(redox) reactions. Figure 1.1 shows the “Ragone plot” of mainstream electrochemical
EES devices in terms of power density and energy density.[3] It is clear that capacitors
and supercapacitors have advantages in power density, whereas fuel cells are advance
in specific energy. Regarding the batteries, they provide properties bridging the range
between supercapacitors and fuel cells. Due to the balanced energy density (for long use
time) and power density (for relative quick burst), batteries covers broad applications
ranging from automobile starters, portable consumer devices, light vehicles, tools, and
un-interruptible power supplies.[4]
Figure 1.1: Sketch of Ragone plot for electrochemical energy conversion and storage
devices.[3]
Among all the batteries, rechargeable LIBs dominate the power supplies for portable
electronics due to the their unique advantages. As shown in Figure 1.2, they provide higher
volumetric and gravimetric energy densities over other battery systems, including lead-
acid, nickel-cadmium (Ni-Cd), and nickel-metal hydride (Ni-MH).[5] Additionally, low
self-discharge, environmental friendliness and no “memory effect” make them appealing
for a wide range of applications, such as portable electronics and transportation systems.
2
1.1 Background
300
200
100
0
E
n
e
rg
y
 d
e
n
s
it
y
 (
W
 h
 l
-1
)
0 50 100 150
Energy density (W h kg-1)
  
400
Lighter weight
Lead–
acid
200 250
Ni–Cd
Ni–
MH
Li ion
Li metal
('unsafe')
PLiON
S
m
a
ll
e
r 
s
iz
e
 
Figure 1.2: Comparison of the different battery technologies in terms of volumetric and
gravimetric energy densities.[5]
For further practical applications, nevertheless, current C/Li+/LiCoO2 systems are fac-
ing great challenges in several aspects[6–8]: Firstly, their energy densities that already
approach a theoretical limit, cannot meet the requirement of electrical transportation sys-
tems like electric vehicles (EV) and hybrid electric vehicles (HEV). Secondly, the usage of
noble metals in electrodes makes them relatively expensive and unfriendly to the environ-
ment. Last but not the least, thermal runaway may arise under abnormal abuse conditions
(crush, over-charge, gas generation etc.), which brings serious safety issues, especially in
large-scale LIBs.[9] In this sense, next generation of LIBs, that could address above issues,
are urgently required. Concerning only battery performance in this work, thus, LIBs with
higher energy and higher power density are pursued.
A LIB-system is a pack in which battery-cells are connected in series or in parallel. Re-
garding a single cell, it consists of a positive electrode and an negative electrode separated
by an electrolyte solution containing dissociated salts. Electrode materials play a vital
role in cell performance, such as energy density, power density and cycle life. For cur-
rent investigated electrode candidates, material structure break-down caused by large
volume changes is the main challenge for performance improvement, which further leads
to capacity fading and finally battery failure. With the aim to accommodate material
volume change and keep structure integrity for a sustained performance, considerable
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efforts have been devoted to tailor their properties by an employment of nanomateri-
als.
1.2 Objective of this work
It is well acknowledged that nanostructured materials hold the key for the next genera-
tion of lithium ion batteries. So far, a number of nanostructures, including nanoparticles,
nanowires, nanotubes, porous nanostructures etc., are successfully explored for the elec-
trodes of LIBs.[10–12] However, they can still not overcome the problem of electrode
pulverization and capacity fading effectively, especially for alloy type anodes with large
volume changes (i. e. Si, Sn...). In addition, their complex and costive fabrication
processes make them cumbersome to be applied in LIB applications. Accordingly, new
methods or novel nanostructured materials which could provide effective solutions to those
issues are highly desirable.
Rolled-up nanotechnology is a method employing strain engineering to change thin film
in-plane dimensions.[13, 14] Nanostructures based on this approach have proved to be
promising in lithium storage and many other applications[15], which can be attributed to
the merits in the method itself and the resulting structures. First of all, it advances in ma-
terial composition by a direct deposition of diverse function layers via mature industrial-
techniques, for instance, electron-beam evaporation and sputtering deposition. Secondly,
inherited from the advantages of thin film, rolled-up structures could facilitate ion dif-
fusion allowing for fast charging/discharging. Additionally, the self-formed hollow center
could provide large space for the accommodation of volume changes during cycling. More-
over, the internal stress in nanomembranes is efficiently released by self rolling and thus
offers a minimized strain energy, which could enhance the material tolerance against stress
cracking during cycling. In this context, such structure may provide a robust and stable
platform for the Li-ion batteries.
Regarding the active materials, Si and SnO2 are promising substitutes of commercialized
graphite anode because of high specific capacities and low Li+ intercalation potentials
vs. Li/Li+.[16] Particularly, Si anode has the highest theoretical capacity of 4200 mAh
g−1, which is 10 times higher than that of graphite (372 mAh g−1). However, their large
volume changes during cycling easily result in electrode pulverization and capacity decay.
With the new stress-released micro-/nanostructures based on rolled-up nanotechnology,
it is prospective to address these issues and achieve superior lithium storage capabil-
ity.
Our work is dedicated to combine rolled-up nanotechnology with above materials for novel
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structured electrodes. More specifically, our objective is to develop strain engineered an-
ode materials which are able to address the most extensively existing issues, for instance
electrode pulverization and battery degradation. To reach this goal, we will perform
a general study on the strain-engineered nanomembranes for rolled-up nanostrauctures,
which can be used to essentially create a robust platform for the anode of LIBs. Further,
bilayer (Si-C) and trilayer(C-Si-C) rolled-up composite systems are investigated, respec-
tively. For the purpose of increasing material volume efficiency, sandwich-stacked SnO2
nanosheets are developed based on this approach. Systematical studies are carried out
for characterizing their electrochemical performance. Meanwhile, by studying these two
typical materials, we would expect to extend our strategy proposed in this work to the
other materials, hopefully providing a substantial route to solve the critical issues for the
next generation of LIBs.
1.3 Dissertation structure
This dissertation is organized in the following way:
Chapter 1 introduces the background of energy issues and energy storage in lithium ion
batteries. The motivation employing rolled-up structures for lithium storage is also dis-
cussed.
Chapter 2 is devoted to an overview of lithium-ion batteries. It starts with the working
mechanism and general concepts of a LIB-cell. Thereafter, a review of the most commonly
used electrode (both cathodes and anodes) materials are introduced. In the end, a brief
introduction on electrolyte and separator for LIB systems is given.
Chapter 3 gives a detailed description on rolled-up nanotechnology, experimental meth-
ods and analytical techniques. Strain-stress theory and rolling principle of thin films,
as well as related deposition techniques are firstly presented. Experiments including
electrode preparation and battery-cell assembly are provided. In the end, instrumental
analysis techniques, for both structure properties and electrochemical performance, are
introduced.
Chapter 4 discusses rolled-up Si-C composite systems for lithium storage. After a review of
Si-based anode materials, a rolled-up Si/C bilayer system is experimentally investigated
for optimized structure. Solid-electrolyte interphase (SEI) layer is examined by SEM
analysis, and Li+ insertion/extraction is accordingly investigated by cyclic voltammetry.
Galvanostatic measurement suggests that strain-engineered structures are prospective in
use of electrode materials for LIBs.
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Chapter 5 demonstrates that the C/Si/C trilayer system is appealing for enhanced elec-
trochemical performance. This sandwich-layered structure is first characterized through
SEM imaging, followed by an electrochemical characterization with cyclic voltammetry
and galvanostatic charge/discharge analysis. An in-depth study about electrode material
structure stability is carried out by focused ion beam (FIB) at different charge/discharge
states. Further, Auger electron spectroscopy (AES) proves the integrity of surface carbon
coating after lithiation. In the end, the electrochemical results are compared with that of
other reported Si-based anodes.
Chapter 6 proposes rolled-up SnO2-based nanosheets for Li+ storage with an attempt to
improve volume efficiency. Firstly, a general introduction about SnO2 active materials
and two-dimensional (2D) nanostructures for LIBs is given. Further, experimental pro-
cedure of sandwich-stacked SnO2/Cu nanosheets is presented, associating with structure
and composition characterization via instrumental analysis techniques. Electrochemical
measurements, including cyclic voltammetry and galvanostatic cycling, show much su-
perior charger kinetics, cycling performance and rate capability over reference samples.
After that, the mechanism for well-maintained performance is investigated, and a state-
of-the-art regarding SnO2 anode is provided.
Chapter 7 presents the overall conclusion and proposes several suggestions for the future
work.
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2.1 Battery fundamentals
2.1.1 Basic mechanism
A normal LIB-cell consists of a cathode and an anode both as Li+ host matrices, and
an organic electrolyte involving soluble Li+ salt. In addition, a separator is required to
keep the two electrodes apart for electric contact, but be permeable for ionic flow.[17] In
Figure 2.1: Working mechanism of a Li-ion battery cell consisting of a graphite anode
and an intercalation cathode. The discharge process is displayed.[18]
such a system, the electric and chemical energy conversion is accomplished by a shuttle
movement of Li+ ions. Figure 2.1 presents a general working mechanism of Li-ion bat-
teries, in which commercially used graphite anode and a Li1MaXb cathode are taken as
examples. Accordingly, the related intercalation process of each electrode can be written
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as:
Cathode : Li1MaXb
charge−−−−−⇀↽ −
discharge
Li1−xMaXb + xLi+ + xe− (2.1)
Anode : C + xLi+ + xe− charge−−−−−⇀↽ −
discharge
LixC (2.2)
Total : Li1MaXb + C
charge−−−−−⇀↽ −
discharge
Li1−xMaXb + ixLixC (2.3)
During a charging process, an external voltage is applied to drive Li+ ions to extract from
the cathode host (Li1MaXb) and move towards the anode through the electrolyte. In the
end, these Li+ ions intercalate into graphite anode and form LixC compound. Accompa-
nying this process, electrons are combined in the electrodes and thus the electrical energy
is stored in the form of (electro)chemical energy. Upon a discharging process, due to the
presence of electrochemical potential difference between the two electrodes, Li+ ions can
be extracted from LixC and move towards the Li1-xMaXb host. Meanwhile, the anode
loses electrons and the cathode obtains them simultaneously to keep the charge conversa-
tion. As a result, an electrical flow in the external circuit is subsequently generated and
directed to the anode. Such potential difference will decline until disappear as output of
electrical flow is going on. Consequently, the battery cell needs to be recharged for the
next use.
The first primary lithium battery system Li/TiS2 was proposed by M. S. Whittingham in
the 1970s.[19] However, they were rapidly withdrawn from the market due to a safety is-
sue resulting from the formation of lithium dendrites. C/Li+/LiCoO2 system is successful
since its release in 1991[20], however, it can no longer meet the ever increasing require-
ments. In the 21st century, high-energy-density batteries that are safe to operate, are of
great significance to address critical societal and environmental necessity. With an at-
tempt to develop the new generation of LIBs, new electrode materials and electrolytes are
urgently demanded. In order to built a favorable battery cell, there are some prerequisites
that must be considered.
2.1.2 Primary considerations of LIB-cell construction
Of most importance is that the battery cell must be thermodynamically stable. As shown
in Figure 2.2, it represents the relative electron energies of a cell model with an aqueous
electrolyte.[7] A cell gives an open circuit voltage Voc once constructed, which is deter-
mined by the energies involved in both electron transfer and the Li+ transfer related
with the two electrode materials. Regarding the electrolyte, its band gap Eg is defined
by the energy difference between the lowest unoccupied molecular orbital state (LUMO)
and the highest occupied molecular orbital state (HOMO). Given that µA and µC are
8
2.1 Battery fundamentals
electrochemical potentials for the anode and cathode respectively. Thus, thermodynamic
stability requires locating the electrode electrochemical potentials µA and µC within the
window of the electrolyte, which constrains the open circuit voltage Voc of a battery cell
according to the relation eVoc = µA − µC <= Eg. In this sense, the electrolyte will
be reduced if an anode with a µA above the LUMO; contrarily, a cathode with a µC
below the HOMO will oxidize the electrolyte, only when a passivating layer creates a
barrier to the electron transfer. This layer is termed as “solid electrolyte interphase”
(SEI) layer, which could prevent further electrolyte decomposition and provide a larger
working voltage window, though Li+ ions are also irreversibly consumed in this process.
Figure 2.2: Schematic energy diagram of a thermodynamically stable battery cell having
an aqueous electrolyte. ΦA and ΦC are the anode and cathode work functions. Eg is
the thermodynamically stable window of the electrolyte. A µA >LUMO and/or a µC <
HOMO requires a kinetic stability by the formation of a SEI layer.[7]
Based on these considerations, it is necessary to design cathodes with low µC and an-
odes with high µA matching to the LUMO and HOMO of the electrolyte. As fas as the
electrolytes are considered, those with larger energy gaps are more attractive. Aqueous
electrolytes are usually not preferred due to a small Eg (≈ 1.3 V) caused by water decom-
position, correspondingly, organic electrolytes are more favorable in LIBs owing to higher
energy gaps.
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2.1.3 Battery models and evaluation parameters
Basic cell model and measurement conditions must be specified for battery assessment.
In addition, some important parameters have to be taken into account to fully evaluate
the electrochemical performance of a cell. Herein, relevant concepts will be clarified in
the following[21]:
Full-cell/Half-cell model: A full-cell model includes both cathode active material
and anode active material. The aim is to match capacities of both electrodes for an
optimized full cell performance. Distinct from the full-cell model, a half-cell only contains
one electrode(cathode or anode) with active materials, and the other (counter/reference)
electrode is often taken by metallic Li. Fundamental investigation on active materials at
laboratory scale are broadly based on the half-cell model.
Galvanostatic discharge/charge: Galvanostatic discharge is a process during which
a battery delivers constant electrical current to the external circuit; while charging is the
inverse process, during which electrical energy is stored due to the reversal current flow
caused by an external potential.
C-rate: A C-rate is the rate of charging/discharging with respect to theoretical capacity
(C) of the material. For instance, a 1C rate refers to a fully charge/discharge of the cell in
1 hour, C/2 indicates a fully charge/discharge of the cell in 2 hours.
Current rate: This is an alternative measure of the rate at which a battery is charged/discharged.
It is usually denoted as (m)A/g, which can be transformed with C-rate depending on in-
dividual active materials.
Theoretical specific capacity: This term is expressed in Ah per gram (Ah/g) for
gravimetric specific capacity or Ah per liter (Ah/L) for volumetric specific capacity.
For a specified active material, it is based on its molecular weight and the number of
electrons transfered in the electrochemical process. A practical charge/discharge spe-
cific capacity is the value that is experimentally obtained in a charge or discharge pro-
cess.
Coulombic efficiency: This efficiency is defined by the ratio of the charges that enter
and extract from the electrodes. For a cathode material, it is defined by Qdischarge/Qcharge,
which indicates the reversibility of Li+ that can come back to the cathode host. While for
an anode material, the Coulombic efficiency is expressed by Qcharge/Qdischarge, suggesting
the reversibility of Li+ that can extract from the anode host.
Energy density: it is related to the material’s specific capacity and operating voltage,
which are mostly determined by the intrinsic chemistry of the main components.
Rate capability: It describes the battery performance for fast charging/discharging,
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which largely depends on charger kinetics in electrodes and electrolytes. Nanostructures
could also tune the material rate performance.
Cyclability: This concept is also indicated as cycle life or battery life time. It refers to
the number of discharge-charge cycles the battery can experience before it fails to meet
specific performance criteria.
2.2 Cathode materials
The cathode material is generally denoted as LixMyXz for a LIB-cell. It is defined as
the electrode through which electric current flows out of a polarized electrical device. As
mentioned in the book “Lithium Batteries - Science and Technology”, a successful cathode
material for LIBs should satisfy several criteria:[17]
• High lithium chemical potential µc(Li) to maximize the cell voltage;
• Large x to maximize the cell capacity;
• Good structural stability for good cycle life;
• Good electronic conductivity σe and lithium-ion conductivity σLi;
• Chemical stability from electrolyte;
• Low-cost and environmental benignity.
Taking the above into considerations, several types of cathode materials are studied sys-
tematically in the last two decades.[22–24] A brief summary of popular cathode materials
is provided in Figure 2.3. It mainly shows their maximum voltages versus capacities with
respect to the energy gap of the commonly used electrolyte (1M LiPF6 in EC/DEC with
ration of 1:1), which is delimited by the red dashed lines.[7] Among all the cathode mate-
rials listed in the figure, layered LiCoO2 was firstly demonstrated as cathode material by
Goodenough in 1980[25], and it has been commercially employed as the cathode for twenty
years. The success of this compound lies in its layered structures, desirable electrochem-
ical properties and relative high operating voltage. However, only half of its theoretical
capacity (274 mAh g−1) can be reversibly used due to the structure instability at low Li
content. Additionally, Co is a toxic element and with low availability. As a consequence,
by modifying the intrinsic chemistry of this material, researches on layered compounds
have been moved to its derivatives LiMO2, in which Co ion are partially/fully replaced
by more abundant and environmental friendly transition metal ions, such as Ni[26] and
Mn[27]. In some cases, Co, Ni, Mn ions are all involved for a better reversible capacity and
structure stability, and much improved performances have been achieved.[23] Vanadium
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oxide also forms layered compounds and have been investigated as cathode materials,
such as V2O5, but they have relatively low voltages (typically 3 V or less) as compared
to the compounds discussed above.[22]
Figure 2.3: Voltage versus capacity of typical electrode materials relative to the window
of the electrolyte 1M LiPF6 in EC/DEC (1:1).[7]
Categorized by structure, another major type of cathode materials is spinel compounds
LiM2O4 (M = Mn, etc.). LiMn2O4, which possesses a theoretical capacity of 148 mAh
g−1, was first proposed as cathode material in 1983.[28] Due to its relatively stable three-
dimensional structure, as well as good electronic and ionic conductivity, it usually has a
higher working potential and better rate capability than other cathode candidates. How-
ever, suffering from a dissolution of Mn3+ and generation of new phase during cycling,
satisfying electrochemical performance is hardly to achieve. Resulting from multiple phase
transitions, the step voltage profile could also complicate the management system in prac-
tical applications.[29] Substituting Mn with other metal ions has been used as an impor-
tant approach to improve cycling performance. Multiple dopants including Ni, Mg, Al, Zn
etc. have been investigated, among which LiNi0.5Mn1.5O4 is reported to exhibit the best
overall electrochemical properties.[24] On the other hand, morphology modifications have
also been widely employed aiming to enhance the performance.[22]
As another quite promising type of potential cathodes, polyanion materials LixMyXO4
(M = Fe, Mn, Ni, Co, etc.; X = P, S, Si, Mo, W, etc.) have gained considerable research
interests due to an inherent stability of the polyanion group.[30] Among them, olivine
compound LiFePO4, which was first published by Goodenough in 1997, is receiving grow-
ing attentions ever since.[31] It has a relatively high reversible capacity of 170 mAh g−1,
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and also advances in cyclability, thermal stability, cost, as well as environmental compati-
bility. Additionally, the electrochemical charge/discharge potential profile presents a long
flat plateau around 3.45 V vs. Li/Li+. However, the main challenge of olive LiFePO4 is
the low conductivity for both electrons and ions, which are critical for a cathode material.
As a result, extensive works have been devoted to achieve better electrochemical perfor-
mance, including change of the intrinsic chemistry or modification of the morphology by
coating[32] and various nanostructures fabrication.[33–35]
More recently, non-traditional cathode materials such as sulfur(S) and Oxygen(O2), have
attracted exclusive interests. Based on different reaction mechanisms, the corresponding
systems are named Li-S batteries and Li-Air/O2 batteries, respectively. It is worth to
mention that the main focus of this work is devoted to the traditional intercalation elec-
trode materials, thus these two systems, as well as the other relevant systems will not be
further discussed here. Some more details about this type of material can be found in
other comprehensive references.[36–38]
2.3 Anode materials
Anode materials for LIBs should include properties such as fast insertion kinetics, suitable
intercalation potentials, good conductivity, high capacity etc..[17] A number of materi-
als, that meet the above requirements, have been successfully demonstrated as anodes of
LIBs.[16,39–42] Based on their energy storage mechanisms, these materials can be classi-
fied into four different categories:
1. Metallic Li
Because of a light-weight and the lowest reduction potential (-3.04 V versus standard hy-
drogen electrode), metallic lithium gives rise to a very large theoretical capacity as high as
3860 mAh g−1.[43] Together with TiS2 cathode, Li metal was first chosen to be the anode
material in the prototype of LIB-cells. In such a Li-metal/liquid electrolyte system, Li+
ions from metallic lithium dissolve into electrolyte and move towards the cathode during
the discharge process. In a charge process, uneven growth of re-plated lithium will occur
inevitably at the electrode surface. As the battery is repeatedly charged and discharged,
the formation of lithium dendrites can pierce the separator and result in some server
safety issues.[44] Nowadays, metallic Li is usually used as counter electrode in the half-
cell model for laboratory research. For the aim to employ metallic Li as anode, solutions
must be found out to address the dendrites formation, especially for new Lithium-battery
systems.[43,45]
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2. Intercalation-type anode materials
In intercalation-based anode materials, Li+ reacts with host matrices by intercalating into
the inter-layer space. This is represented by graphitic carbon, which has been used as
commercial anode since the release of lithium ion battery in early 1990s. The great success
of carbonaceous materials is attributed to the low cost, good electrical conductance, ex-
cellent reversibility of lithium intercalation and structure stability during cycling.[46–48]
Additionally, C has a low insertion potential versus Li+/Li, which could maximize the
working voltage to provide a high energy density. Furthermore, condensed SEI layer
formed during the first cycle passivates material surface, which effectively prevents fur-
ther co-interaction and decomposition of electrolyte solvent.[49] With the development of
nanotechnology, mesocarbon microbeads, carbon nanotubes, fullering C60, graphene etc.
have been intensively studied for their potential use as anode materials.[50, 51] Particu-
larly, two dimensional graphene has gained great interests due to its excellent electronic
conductivity and mechanical stability.[52] In most of the cases, graphene is the matrix
or scaffold to hold active materials to improve the performance for cathodes and an-
odes.[53–56]
Despite of that, lithium intercalation into carbonaceous materials occurs between a volt-
age range of 0.05 V and 0.2 V (vs. Li+/Li). At such a low potential, lithium could
readily accumulate at electrode surface owing to diffusion hysteresis.[47] Thus, the depo-
sition of highly reactive lithium could lead to serious major safety concerns, especially
when used for high power hybrid vehicles which need fast charge/discharging. Addi-
tionally, a specific capacity of 372 mAh g−1 is far beyond the requirements of the next
generation of LIBs. Anode substitutes must be developed for further practical applica-
tions.
3. Alloy-type anodes
Lithium ions can also react with some elemental materials by the formation of LixM
alloys.[40] These materials are usually from Group III - V, such as Al, Si, Bi etc., whose
most distinguished feature is the high capacity compared with that of carbon (Figure
2.4). Additionally, these substances generally have a relative higher potential for lithium
insertion, thus, the safety issue resulting from internal short-circuit is alleviated rendering
these materials significantly safer than graphite. However, they suffer from tremendous
volume variation during cycling, which easily leads to electrode pulverization and thus a
limited cycle life. With the development of nanoscience, research on nanostructured alloy
anodes have achieved great progress.[16, 57] Particularly, oxides of these elements have
attracted considerable interests, such as SiOx, SnO2, GeO2 and so on.[58–61] They are
appealing for lithium storage because of the high specific capacity inherited from their
counterparts. Moreover, the formation of inactive phase Li2O could constrain volume
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changes during cycling, while the specific capacity is slightly comprised consequently.
Figure 2.4: Gravimetric (blue) and volumetric (red) capacities for selected alloying reac-
tions. Capacities for graphite are given as references.[16]
4. Conversion-type anodes
Transition metal oxides reveal different reaction mechanisms with Li+ and give rise to
higher capacities than graphite.[39,62,63] It is well accepted that transition metal oxides
follow a conversion reaction, which can be generalized by the equation
MO + 2 Li+ + 2 e− ←→ Li2O + M
(M = Fe, Co,Ni, Cu,Mn etc.).
(2.4)
The forward displacement reaction is thermodynamically feasible and accompanies by
multiple-electron transfer of each metal atom. In contrast, the reversed reduction of Li2O
is not expected under normal conditions. With a decrease in material size, transition metal
oxides are demonstrated to present high specific capacities with good cyclability.[39] It
is suggested that, the formation of metal nanoparticles will catalytically facilitate the
decomposition of Li2O matrix, which drives this reaction to be carried out reversibly.
With the mechanism being understood better and better, materials such as Cu2O, CoO,
Fe2O3, RuO2, etc., are being widely studied.[64–66] Their reactions correspond to poly-
electron transfer per metal atom and thus in turn offer the possibility of achieving high
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capacity over the existing anodes. Considering practical applications, Fe-based and Mn-
based oxides are more attractive because of cheapness and abundance.[67, 68] Most of
these materials, still, have the challenges in electrode degradation and fast capacity fad-
ing, that originate from kinetic limitation for Li+ diffusion and volumetric variation upon
charge/discharge. As we have discussed in the previous sections, these could be possibly
addressed by creating proper nanostructures with capabilities to facilitate ion diffusion
and accommodate volume variation, so as to provide stable nano-networks for enhanced
lithium storage performance. For instance, graphene wapped Fe3O4 nanoparticles[69],
MnO2 nanotubes[68], NiO nanowalls[70] all have shown excellent Li+ storage capabili-
ties.
In addition to transition metal oxides, sulfides, phosphides and fluorides based on tran-
sition metals are also widely studied in recent years, to which the “conversion reaction”
mechanism can still be applied. If the binary phase is simplified as MX(X=S, P, F), X
element is displaced to form lithium compound LixX, while transition metal M acts as an
electrochemically inactive matrix and promotes the reverse reaction. Similar to transition
metal oxides, these compounds face the same obstacles and battery performance could be
largely improved by nanostructure modification.[62]
2.4 Electrolyte and separator
Electrolyte is another main component that influences a battery’s performance.[5, 7, 71]
Conventional electrolytes consists of Li+ salt dissolved in organic solvents. As mentioned
in section 2.1.2, theses solvents usually have a large voltage window, which could provide
a higher energy density once the electrochemical potentials of electrodes are well matched.
In general, organic liquid electrolytes are specifically designed for practical applications
based on various combinations of carbonates, such as ethylene-, diethyl-, dimethyl- and
ethyl-methyl-carbonates(abbr. as EC, DEC, DMC and EMC respectively).[7] Lithium-
containing conductive salts are another important component. Lithium hexafluorophos-
phate (LiPF6) is the most commonly used salt, exhibiting good ion conductivity and
excellent oxidation-resistance even at high voltage.[72] However, it can undergo auto-
catalytic decomposition into LiF and PF5. The later can form hydrogen fluoride (HF)
once it encounters H2O, which could degrade the battery and lead to safety hazards.[7]
Hence, substitution materials for LiPF6, such as Lithium perchlorate (LiClO4) and lithium
bisoxatlatoborate (LiBOB)[73], are being tested. Still, LiPF6 is the currently mostly used
conductive salt.[74]
As described in the basic mechanism, a separator is required between two electrodes to
prevent an internal short circuit.[75] Generally, the separator is a porous membrane made
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from polyolefins, such as polyethylene and polypropolene.[76] In some cases, these mem-
branes are coated with special materials for specific applications, e.g. more hydrophilic
in aqueous electrolyte, or enhanced temperature resistance and abuse resistance for ap-
plications in electrical vehicles.[77, 78] In normal situations and basic studies, glassfiber
separators are widely used.
A special case is the ceramic and polymeric solid electrolyte.[79–81] This solid phase not
only allows Li+ transportation, but also physically separates the cathode and the anode.
Additionally, they are advanced in simplicity of design and operational safety, especially
for the next generation of batteries to power HEVs and EVs. The focus of this work is on
anode materials, therefore a detailed introduction about electrolytes will not be given in
the dissertation.
2.5 Challenges of anode materials
The focus of this dissertation is on anode materials investigation. As summarized in
section 2.3, one of the big challenges for lithium ion batteries is electrode pulverization
and consequent capacity fading. Essentially, it is a failure mode of strain accommodation
induced by Li+ insertion/extraction.[82,83] More specifically, battery cell performance is
strongly influenced by electrode material composition and morphology, that if they can
effectively buffer strains caused by lithiation or delithiation.[11]
In this thesis, rolled-up nanotechnology introduces a new strategy to fabricate strain-
released hierarchy micro-/nanostructures. The most attractive feature of these mate-
rials is “strain release”, during which the strain energy relaxes to a minimal level by
rolling, so as to improve the capability to accommodate strain(stress) induced by Li+
insertion/extraction, therefore enhances the tolerance to stress cracking and prevents the
electrode from pulverization. The principle of this approach will be introduced in de-
tail in next chapter. Based on this strategy, Si based rolled-up tubes and SnO2 based
nanosheets will be systematically investigated as anodes for lithium ion batteries. My
wish is not only to obtain a good battery performance for potential applications, but
also to study the influence of “strain release” on battery performance, so as to provide a
special method/platform for this field.
17

3 Rolled-up nanotechnology and
experimental methods
As introduced in the previous sections, rolled-up nanotech is promising to be applied
for LIBs. Therefore, there is a considerable need to understand this technique. In this
chapter, a fundamental strain (or stress) theory in thin films is presented for elucidating
the strain-driven self rolling process. In addition, details of electrode fabrication and
battery cell assembly are described. Apart from this, general analytical techniques, which
are commonly used to characterize the morphology of nanostructures and electrochemical
performances for LIBs, are also provided.
3.1 Strain-driven rolled-up nanostructures
Rolled-up nanotechnology is an approach to automatically rearrange two-dimensional thin
films due to the existence of residual strain.[13] Specifically, the residual strain present
in thin films results in the change of film dimensions via either a bending or wrinkling
process.[84] So far, this technique has proven to be an intriguing approach for various
promising applications, e.g. microelectronics, biology, optics and energy storage.[85, 86].
It is worth noticing that rolled-up nanostructures possess relaxed elastic strain energy, and
as a result it opens up a strong possibility for Li+ storage. In this sense, it is necessary to
introduce a fundamental theory for fully depicting the self-rolling mechanism for rolled-up
nanostructures.
3.1.1 Rolling-up thin films with strain
The self-rolling process is mainly driven by the residual strain (stress) in thin films. In
order to demonstrate its physical mechanism based on strain-stress theory, a simple model
as shown in Figure 3.1 (a) is provided. For simplicity, a nanometer scale bilayer (layer 1
and 2, with thickness of d1 and d2) bonded on a sacrificial layer is considered. Provided
that these two layers are subject to biaxial strain 1 and 2, respectively. Depending on
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specific materials, these two strains are generally different so that an average strain and
a strain gradient could be defined[87]
av = η1 + (1− η)2 (3.1a)
∆ = 2 − 1, (3.1b)
where η = d1/(d1 + d2). Additionally, the initial elastic strain energy formed in this
bilayer is written as
E0 = Y (d121 + d222)/(1− ν), (3.2)
where Y is the Young’s modulus and ν is the Poisson ratio. Note that we assume these two
layers have the same Young’s modulus and Poisson ratio for simplicity.
layer 2 layer 1 sacriﬁcial layer substrate
x
y
z
h
2
1
(a) (b)  (c)
R
Figure 3.1: Theoretical model of thin fim bending driven by residual strains. (a) The
basic model includes a bilayer (layer 1 and 2), a removable sacrificial layer and a sub-
strate.(b) Schematic illustration of upwards bending and (c) downwards bending.
When the sacrificial layer is etched away in a chemical etchant, film bending occurs
due to the existence of strain gradient ∆. Figure 3.1 (b) and (c) clearly shows this
procedure. As the sacrificial layer is partially removed, strain relaxing takes place in the
part of free-hanging bilayer (with length of h) and starts bending. It should be pointed
out that this bending could result in two possibilities: it could wrinkle if a relatively
small strain gradient exists (∆ < 0.5%), or it could roll if the strain gradient is large
enough (∆ > 0.5%).[87] In the later case, the free-hanging bilayer trends to roll until the
minimized elastic strain energy is achieved, which gives rise to a radius of the curved film
as
R0 =
(d1 + d2)3
6(1 + ν)d1d2∆
. (3.3)
Eq.(3.3) clearly shows that self-rolling process is determined by the layer thicknesses
(d1,d2) and the strains states (ν,∆1), which strongly relate to film growth parameters.
Meanwhile, ∆ > 0 implies that the thin film will roll upwards, while ∆ < 0 implies that
the thin film performs a downwards rolling.
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In the end, the thin films could roll into tubular structure when the film length is longer
than a circumference along rolling direction. A sketch of the rolled-up tubes is shown in
Figure 3.2.
Substrate Sacrificial layer Function layer
Rolling-up Rolling-down
Figure 3.2: Sketch of self-rolled tubes. The tubes can be formed by film (a) rolling up
or (b) rolling down due to the residual tensile or compressive strains, respectively.
3.1.2 Origin of the residual strain in thin films
The residual strain (stress) in thin films plays a key role in the self-rolling process. Hence,
it is important to determine the strain states in the prepared thin films so as to con-
trol the rolled-up nanostructures. In my work, all the films are prepared by physical
vapor deposition (PVD) techniques, i.e. electron beam evaporation and RF magnetron
sputtering. Therefore, there is a considerable need to understand the residual strain gen-
eration in physical-vapor-deposited thin films. Broadly speaking, there are three major
contributions to the residual strain in thin films produced by PVD techniques, which are
summarized by
 = th + in + ex, (3.4)
where th, in and ex are thermal, intrinsic and extrinsic strains, respectively.[88]
1. Thermal strain
The thermal strain in thin films is arising from differential thermal expansion in different
layers.[89,90] Such strain is usually expressed as
th = Cσth = C
Y
(1− ν)(αs − αf )(Tr − Ts), (3.5)
where C is the elastic stiffness tensor, αs and αf are coefficient of thermal expansion
(CTE) of the substrate and film. Tr and Ts are the temperatures on the substrate and
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film. It is possible to control the thermal strain states between tension (th > 0) and
compression (th < 0) by varying the temperatures of the substrate and the environ-
ment.
2. Intrinsic strain
The intrinsic strain in is the main source of the residual strain in thin films produced by
PVD techniques. Its contributions mainly stem from film microstructures such as mor-
phology, texture, etc.[91–94] Basically, the formation of thin films by PVD techniques is
accomplished by depositing kinetic atoms on a cold substrate, which is usually referred
to as Volmer-Weber growth. With this growth mode, the thin film is commonly com-
posed of polycrystalline domains known as grains.[92] It is noticeable that the grains
have different sizes and orientations. If the grain density distributed on the substrate is
substantially low, then the neighboring grains tend to be stretched in order to fill the
gap. As a result, a tension in>0 can be induced.[91] Alternatively, if the grains are not
constrained on the substrate, then formation of the thin film is accompanying with filling
of high density atoms between the gaps, which can result in a compression in < 0 in the
film.[94,95]
More specifically, grain’s properties strongly rely on the source materials and deposition
conditions.[96, 97] Hence, intrinsic strains in thin films can be adjusted between tension
( > 0) and compression ( < 0) by controlling different deposition parameters, such as
deposition rates, gas pressures, and film thickness.
3. Extrinsic strain
An extrinsic strain in the PVD thin films is likely produced when polar molecules get
absorbed within the porous structures. In this scenario, depending on the interactions
between these polar molecules, tension (compression) would be deterministically gener-
ated.[88]
3.2 Physical deposition techniques for rolled-up nanotech
In this thesis, two different PVD techniques are employed to deposit desirable thin films
with suited residual strain for rolled-up nanostructures. Specifically, radio frequency
(RF) magnetron sputtering and electron-beam evaporation are used. In this section, a
brief introduction to both techniques are provided.
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3.2.1 RF magnetron sputtering deposition
Sputtering is a process during which atoms are ejected from the target of a solid material
via ion bombardment.[98] The bombardment process causes a removal of target atoms,
which may then condense on a cold substrate. In a basic sputtering vacuum system, a
target (the cathode) is perpendicularly set apart from the substrate (as the anode) in
several centimeter distance, and Ar is often selected as the working gas (Figure 3.3 (a)).
During a basic deposition process, free electrons become energetic by the action of a high
voltage electric field. With the introduction of argon gas, they inelastically collide with
argon to produce Ar+ and second electrons. Driven by the electric field, Ar+ ions further
collide with other argon molecules and cause avalanche multiplication effect and produce
large number of Ar+ and electrons. Finally, these energetic ions bombard the target
cathode, resulting in sputtering of its surface material by momentum transfer. Among
the ejected particles, molecules or neutral atoms can condense on a substrate as a thin
film. A RF magnetron sputtering process is based on basic ion bombardment, yet with
the introduction of magnetrons and a radio frequency generator. They are all aiming for
diverse materials with enhanced deposition rates.[99]
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Figure 3.3: (a) Sketch of magnetron sputtering process. The target is set as the cathode
with water cooling system, the magnets are arranged to generate magnetic fields parallel
to target material surface.(b) Residual stress dependence on the pressure (the data was
measured for Co thin film deposited by RF sputtering, see Ref.[100])
It has been well studied that, Ar pressure plays an important role in the generation
of residual strain in thin films.[93] At a low pressure, the sputtered atoms possess high
surface mobility on the substrate, so that they promote the formation of a dense film
which gives rise to a compressive strain ( < 0). While at a high pressure, the sputtered
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atoms have low surface mobility and thus result in a columnar morphology film under
tensile strain ( > 0). To better understand the impact of pressure on the residual strain
in the sputtered thin film, we take an example as shown in Figure 3.3 (b). From that,
we could clearly see that the residual strain in sputtered Co thin film can be varied
from tension to compression as the pressure is increasing. In my studies, RF magnetron
sputtering is mainly used to deposit Si and C thin films for rolled-up Si-C composites.
By controlling the argon pressure during deposition, the residual strain in Si films can
be well controlled and thus optimized rolled-up tubes are obtained for lithium storage
investigation.
3.2.2 Electron beam evaporation
Electron beam evaporation, also known as e-beam evaporation, is another technique for
physical deposition of thin films. Its principle is to heat the target (source) material by
an intense electron beam in a vacuum chamber, and develop a large flux of vapor from
refractory materials that subsequently condense on substrates.[101]
+
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Figure 3.4: Electron beam physical evaporation system. A face-down substrate is placed
perpendicular above the material filled crucible. The deposition rate and the film thickness
are monitored by a quartz crystal resonator.
A basic e-beam PVD system is described in Figure 3.4. In the deposition chamber, a
substrate is perpendicular placed above a crucible. The evaporation process is performed
at high vacuum condition (<3.0×10−6 mbar) in order to deliver electrons from an electron-
gun to target. With a high voltage applied onto the filament, the electron beam with high
kinetic energy is accelerated to impact the material target in a spot. Upon striking, the
kinetic energy of the electrons is converted into other forms of energy through interactions
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with the source material. Thermal energy produced within this process rapidly heats up
the evaporation material and cause it to melt or sublimate. Thus, the area of the e-
beam spot, with sufficient temperature, will eject the material in vapor phase, which
will gradually condense on the substrate surface and form a thin film. Film deposition
rate, and thus the film thickness, is monitored by a quartz crystal resonator through its
frequency change.
Similar to sputtering deposition, film deposited by e-beam evaporation possesses large
residual stress, which closely relates to deposition parameters like the substrate temper-
ature, chamber pressure, film thickness and deposition rate. Thereby strains in e-beam
deposited thin films can be readily adjusted by controlling these parameters, and thus for
the application in rolled-up technologies. In this work, SnO2 and Cu films are deposited
by this technique (Edwards AUTO500).
3.2.3 Experimental realization of rolled-up nanostructures
Combined with strain release theory and above PVD techniques, the flexibility of rolled-up
nanotechnology is demonstrated by the fabrication of diverse rolled-up tubes. Photore-
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(a) Si substrate (b) Aluminum foil substrate (c) Cu foil substrate
Figure 3.5: Diverse material combinations with different tube diameters on (a) Silicon,
(b) Aluminum foil and (c) Copper foil substrates.
sist is used as the sacrificial layer, which is spin-coated onto the substrates before film
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deposition. By tuning the deposition parameters, changing source materials and their
combinations, a group of rolled-up tubes are fabricated with different diameters. Various
materials can be deposited on different substrates according to their specific functionali-
ties. In Figure 3.5 (a) and (b), 25nm Si/ 15nm Ti hybrid nanomembrane presents a tube
diameter around 30 µm after rolling, pure SnO2 (50nm) film with a high deposition rate
generates tubes smaller than 20µm, while MnO2 (30nm) with a slow deposition rate re-
sults in rolled-up tubes with larger diameters. A 10nm C/ 15nm Si has a diameter around
15 µm due to a large compressive stress in C film. Figure 3.5(c) indicates patterned tube
arrays on Cu substrates. With a high deposition rate and small thickness (2nm Ni and
6nm Cu/ 2nm Al), tubes with a diameter around 1 µm can be achieved. Additionally, a
relationship between tube diameter and film thickness was statistically characterized in
Yongfeng’s work, according to which tube size can be easily controlled in the range of
several hundreds of nanometers to dozens of micrometers.[85]
In general, diverse material combinations with desired tube size can be fabricated on
demand. The focus of this thesis is on electrode materials for Li+ storage, for which
rolled-up active materials will be prepared for further investigation.
3.3 Electrode preparation and cell assembly
3.3.1 Electrode fabrication
Rolled-up structures should be prepared in the form of electrodes for the characterization
of electrochemical properties. Generally speaking, the electrode is prepared by adher-
200µm 20µm
Figure 3.6: Optical microscopic image of the prepared electrode and a zoomed-in SEM
image of the electrode surface.
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ing a mixture of active material, conductive additive and binder to a current collector
plate. This can be realized with four steps. To begin with, the mixture slurry is pre-
pared by mixing these three components at a certain ratio. It is chosen to be 7:2:1
in my experiments, which represents rolled-up active materials, carbon black conduc-
tive additive (Super P, Timcal), Polyvinylidene fluoride (PVDF) binder (Sigma-Aldrich),
respectively. N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich) is used as the solvent, to-
gether with which the mixture is then homogeneously mixed by vortex mixer or stirring.
In the second step, this slurry is uniformly pasted onto one side of the current collector
- copper foil (Goodfellow), which is thoroughly washed by acetone. Thereafter, a drying
process is performed in a vacuum oven at 80 ◦C for 10 h. Then, the dried electrode plates
were punched into discs (ø=10 mm) and weigh individually for further handling. The
average active material mass loaded on each electrode is estimated to be about 0.8 ∼ 1
mg/cm2. One electrode composed of Si-C composite rolled-up tubes is shown in Figure
3.6.
3.3.2 Cell assembly
Electrochemical measurements require to assemble those electrodes in battery cells. A
Swagelok-type half-cell is employed in my studies. As introduced in 2.1.3, metallic lithium
(Sigma-Aldrich) is used as the counter/reference electrode, seeing that the potential of Li
is nearly constant at moderate or low current densities. Battery cells are assembled in an
Separator
Counter/Reference
 electrode
Working electrode
(a) (b)
Figure 3.7: (a) Schematic illustration of a Swagelok cell. It shows a half-cell model,
which contains a working electrode, a separator and a counter/reference electrode. (b)
Swagelok prototype testing cell which is assembled in the laboratory.
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Ar-filled glovebox (Mbraun, Germany) at a condition of H2O, O2 < 0.1 ppm. A glass fiber
membrane (Whatman) as a separator is placed between the working electrode and metallic
Li counter electrode. LP30 (Merck), consisting of a solution of 1 M LiPF6 in ethylene
carbonate (EC)/dimethylcarbonate (DMC) (1:1, in wt %), is chosen as electrolyte. In
some cases 2 vol % vinylene carbonate (VC) electrolyte additive was added for a better SEI
layer formation. The specific capacity is calculated using the loading mass of composite
active materials in each electrode. In Figure 3.7, it shows a schematic diagram of the
Swagelok cell, as well as a real image of an assembled cell. A top and bottom leads are
contacted with the working electrode and Li metal respectively, and they will be connected
to a battery test system for electrochemical characterizations.
3.4 General analytical techniques for LIBs
In order to evaluate the structure of rolled-up materials, as well as their electrochemical
performance as electrodes for LIBs, a series of analytical techniques will be employed in
my studies. According to their functionalities, they are divided into two types: (1) mor-
phology & composition analysis and (2) electrochemical analysis.
3.4.1 Morphology and composition analytical techniques
Morphology and composition analysis are significant in the characterization of nanostruc-
tured materials, which play a key role in battery performance. Usually, these techniques
involve scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray photo-
electron spectroscopy, Auger electron spectroscopy and Raman spectroscopy.
1. Scanning electron microscopy (SEM) and Energy-dispersive X-ray spec-
troscopy (EDX)
Scanning electron microscopy is widely used for sample morphology examination. It
is a type of electron microscopy by raster scanning samples and enables the investiga-
tion of specimens with a resolution down to the nanometer scale.[102] With SEM imag-
ination, surface information, composition and some other properties such as electrical
conductivity can be obtained. In my studies, Scanning Electron Microscope (DSM982
Gemini, Carl Zeiss) was used for the morphologic analysis to the as-prepared materials
and electrodes before and after electrochemical tests. In addition, a SEM instrument
is also capable of performing EDX analysis when equipped with corresponding detector,
from which chemical elements from Boron to Uranium can be detected. (Zeiss Ultra 55
Plus)
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2. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemi-
cal analysis (ESCA), is a spectroscopic technique to investigate sample chemical compo-
sitions at the surface (top 0 to 10 nm). The principle of XPS is to irradiate a sample
material with mono-energetic soft x-rays, causing electrons to be ejected as a result of
the photo-emission effect.[103] One of the important advantages of XPS lies in its capa-
bility to obtain information on chemical states from the variations in binding energies
or chemical shifts, of the photoelectron lines. In my studies, XPS measurement (PHI
5600 CI, Physical Electronics) was mainly used to identify the chemical composition of
SnOx.
3. Auger electron spectroscopy (AES)
Auger electron spectroscopy (AES) is an analytical technique specially for determining the
composition of sample surface based on the Auger effect.[104] In an AES measurement,
the kinetic energies of Auger electrons are of elemental characteristics and thus detected.
Therefore, the identity and quantity of the elements are determined from Auger peaks.
Moreover, this technique allows for the detection of all elements above helium with high-
spatial resolution due to a finely focused electron beam. In my work, AES (JAMP 9500,
10keV, 10nA) was employed to demonstrate the integrity of C/Si/C trilayer membranes
after cycling, supporting the conclusion that double C layer also mechanically protects
the structure.
4. Raman spectroscopy
Raman spectroscopy is a spectroscopic technique to analyze the inelastic interaction be-
tween monochromatic light and matter. It investigates characteristic vibrational, rota-
tional, or other low-frequency modes of molecules in a system, which provides a fingerprint
by which the molecule can be identified.[105] Particularly, microstructure of a sample
could be obtained upon the information provided in Raman spectra. In this thesis, Ra-
man analysis (from Renishaw) was performed with 442 nm wavelength to analyze the
compositions for Si composites.
3.4.2 Electrochemical analytical methods
Lithium storage in electrode materials is an electrochemical process, during which a chem-
ical reaction simultaneously either causes or is caused by the movement of electrical cur-
rent. Thereby electrochemical characterization is the key part in investigating the perfor-
mance of active materials. The main process is a reversible oxidation-reduction reaction
involving Li+ ions, which usually is characterized by cyclic voltammetry and galvanostatic
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measurements.
1. Cyclic voltammetry
Cyclic voltammetry (CV) is an electrochemical measurement method, with which current
produced via a redox reaction is monitored as a function of applied voltage.[106] It is
noticeable that CV measurement is a standard technique for acquiring qualitative infor-
mation about electrochemical reactions. During the CV measurement (Figure 3.8 (a)),
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Figure 3.8: (a) Cyclic voltammetry waveform and (b) typical cyclic voltammogram for
the first cycle. Epc (Epa) and ipc (ipa) are the potential and current at cathodic (anodic)
peak, respectively.
the potential is measured between a reference electrode and the working electrode, while
the current is measured between the working electrode and a counter electrode. Within
an experimental potential window, the working electrode potential ramps linearly versus
time, which is known as the scan rate (V/s). The current response is recorded in Figure
3.8 (b). For an analyte that can be reduced or oxidized within the potential window,
the forward scan produces a cathodic or an anodic peak depending on the initial scan
direction. In an initial ramping towards a high voltage V2, the anodic current starts to
increase once the applied potential becomes great enough to drive the oxidation process,
giving a current peak ipa at Epa. The current then drops off towards the end of the scan,
since the analyte concentration near the electrode surface diminishes. As the voltage is
reversed to complete the scan towards V1, this process will begin to reduce the product
that is formed in the initial reaction, producing a current of opposite polarity. Based on
the profile of CV curves, information about the reversibility of a reaction at a given scan
rate could be obtained.
In my works, CV analysis was performed via a Zahner electrochemical workstation (IM6ex)
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for the investigation of lithiuation/delitiation. From cyclic voltammograms, information
about reaction reversibility, SEI layer formation stc. are obtained.
2. Galvanostatic measurement
Galvanostatic measurement is one of the primary technique for LIB electrochemical per-
formance research, which provides the information of charging/discharging mechanisms,
cycling performances, rate capabilities and so on. It is realized by controlling a constant
current for repeating charge/discharge.
In a half-cell for alloy anode material investigation, generally, it has an open-circuit voltage
(OCV) around 3.0 V. Thus, the initial process requires discharging the cell by alloying
with lithium, till the cell voltage reaches a lower limit. Concerns should be taken that
the lower cut-off voltage should not be lower than 0 V vs. Li/Li+ due to the safety issues
caused by Li dendrites (see section 2.3). Thus, it is usually set to be slightly above 0 V
(i.e. 10 - 50 mV) according to specific materials and conditions. The reversed reaction
is relating a charging process, during which previous formed alloys are de-alloyed with
an external current/voltage. Consequently, the cell voltage gradually increases to an
upper limit, which is determined by the Gibbs free energy of both electrode materials and
alloying products. Practically, the upper limits is usually set in the range of 1.5 - 2.5 V,
depending on the type of anode materials.
Discharge/charge capacity (Q) can be calculated according to the relation Q = I × t,
where I is the current density, t is the time. For electrochemical characterizations, the
current density is required to be kept constant during cycling. It is usually denoted as the
“C-rate” or a direct form of “(m)A g−1”, as described in section 2.3.
In my experiments, the direct form of current density (mA g−1) is used to quantify
the cycling rates, and all the works are carried out at room temperature. Through the
galvanostatic charge-discharge measurements with Arbin instrument (Texas, USA), in-
formation about specific capacities, cycle life, rate performance etc. of different rolled-up
nanostructures are obtained.
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4 Self-rolled C/Si composite
nanomembrane as anode material
4.1 Si-based anodes
4.1.1 Introduction
As the most promising substitute to graphite anode, silicon has attracted considerable at-
tentions due to its abundance, low cost, nontoxicity and highest theoretical capacity.[107]
The final lithiation product for bulk Si is Li15Si4 at room temperature, giving rise to a spe-
cific capacity of 3579 mAh g−1.[108] With the development of nanotechnology, nano-sized
Si could achieve a higher lithiation state of Li22Si5, and the corresponding theoretical ca-
pacity is up to 4200 mAh g−1, which is ten times larger than commercially used graphite
anode.[109] Additionally, the main lithiation of silicon usually starts around 0.3 V vs.
Li/Li+, which indicates a higher insertion potential than that of graphite and thus is more
competitive out of safety considerations. Moreover, semiconductor industry has developed
large and mature infrastructures for the processing of Si materials.
Despite these advantages, Si-based anodes are notoriously plagued by poor capacity re-
tention resulting from large volume changes during alloy/de-alloy processes. Table 4.1
shows the data of crystal structure, unit cell volume, and volume per silicon atom for
each Li-Si alloy formed during the alloying process.[110] Obviously, at a fully lithiated
status relating to Li22Si5 alloy, the volume per silicon atom is four times larger than that
of the parent silicon atom, i.e. 400% volume expansion. Vice versa, the same magnitude
shrinkage occurs during a delithiation process. Consequently, intrinsic strain generated
during the expansion and contraction easily leads to material cracking, which further
causes severe capacity fading and limited battery life. Moreover, Si itself is not a good
conductor, which easily leads to a polarization overpotential and limits the rate perfor-
mance.
Extensive efforts have been devoted to overcome those two problems. Chemically dop-
ing is a common approach to modify the intrinsic properties, mostly referring to the
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Table 4.1: Crystal structure, unit cell volume and volume per Si atom for the Li-Si system
Compound and crystal structure Unit cell volume Volume per silicon atom
(Å3) (Å3)
Silicon cubic 160.2 20.0
Li12Si7, (Li1.71Si) orthorhombic 243.6 58.0
Li14Si6, (Li2.33Si) rhombohedral 308.9 51.5
Li13Si4, (Li3.25Si) orthorhombic 538.4 67.3
Li22Si5, (Li4.4Si) cubic 659.2 82.4
electric conductivity.[111] More generally, physically modification of surfaces and struc-
tures are explored to alleviate the pulverization problem, which can be summarized
as:
1. Compositing and/or coating with functional matrices. On one hand, system conduc-
tivity can be effectively improved by the composition with soft conductive matrix,
either active or inactive, such as C and Cu.[112,113] On the other hand, coating with
inactive materials is also demonstrated to be quite helpful, which could enhance the
mechanical stability of the structure by constraining the volume changes of active
materials.[114] Recently, considerable works have been conducted on Al2O3[115],
TiN[116], TiO2[117], Au[118], Cu[119] thin layer coatings, and remarkable lithium
storage performances have been achieved.
2. Creating free space via nanostructures fabrication. Concerning the mechanical de-
struction caused by large volume change during cycling in bulk materials, nanos-
tructure fabrication is the most effective strategy to address this issue.[10] Extensive
investigations on silicon nanostructures, from 0D nanoparticles to 3D hierarchical
structures, have been conducted in last two decades.[120, 121] Benefiting from the
free spaces, these nanostructures are all demonstrated to be very effective in the
accommodation of volume changes and facilitation of charge kinetics.[122,123]
Indeed, most of the favorable results are from a combination of both functional material
composition and nanostructure fabrication. In Guo’s group, a Cu core-Si shell nanocable
structure was investigated with atomic layer deposition of Al2O3.[124] Ag was employed
as coating layer in Yu’s work with a three-dimensional macro-porous structure of silicon,
superior electrochemical performance was obtained.[125]. Si nanowire coated with copper
thin layer was studied by H. Chen and coauthors, and the electrode was demonstrated to
be highly stable with high capacity.[126]
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4.1.2 Advantages of Si/C tubular composites as anode material
Among all the functional materials, carbon is extremely promising and being intensively
explored. The underlying reasons can be ascribed as: First of all, carbon material
(graphite) is used as commercial anode over 20 years, the knowledge and experience of
carbon in an anode is well established, such as the stable SEI layer evolution.[47,127,128]
Secondly, its softness, compliance, and good electronic conductivity make it the most at-
tractive active matrix for electrode compositing/coating. Therefore, considerable works
have been carried out based on the Si-C composition, in which C varies from graphite
to carbon nanotubes, amorphous carbons, as well as graphene sheets.[129] Upon differ-
ent fabrication methods, various nanostructured Si-C composites are demonstrated for
enhanced electrochemical behaviors.[130]
Regarding the nanostructures, tubular configuration with hollow center is extraordinarily
attractive for lithium storage.[131, 132] Because of an extra interior space from its tubu-
lar shape, charger transports are facilitated and volume changes can be accommodated
effectively.[133–135] The synthesis of nanotubes generally requires templates, which com-
plicates fabrication processes and increases manufacturing costs accordingly. Therefore,
facile approaches for tubular Si-C composite anodes with superior lithium storage capa-
bility are still greatly desirable. In my work, a new method is introduced to fabricate
tubular micro/nano hierarchical structures, upon which templates are avoided and tube
parameters are readily controllable.
4.2 Rolled-up nanotechnology for Si/C composites
4.2.1 Si/C bilayer self-rolled structural design
As described in chapter 3, rolled-up nanotechnology is an elegant method for re-arranging
thin film in-plane dimensions. For being employed in lithium storage, its advantages
not only lay in the method itself, but also in the resulted self-rolled structures.[15, 86]
Considering the benefits of carbon compositing, in this work, a Si-C bilayer nanomembrane
was designed.
The preparation of the Si-C bilayer nanomembrane is schematically shown in Figure 4.1.
Si wafers covered with aluminum foil were used as substrates. Photoresist (ARP 3510),
that can rapidly dissolve in acetone, was employed as sacrificial layer. After being spin-
coated onto substrates (4500 rpm, 35s), it was baked at 90 ◦C on a hot plate for 5 min.
Subsequently, a Si film and thin C film were deposited by RF magnetron sputtering. In
35
4 Self-rolled C/Si composite nanomembrane as anode material
such a structure design, silicon is the active layer which reacts with Li+. Regarding carbon
layer, it mainly acts as the matrix and provides conducting and mechanical support.
Upon the fact that both layers are deposited by the same technique sequentially, a good
adherence of the Si and C is guaranteed, which can decrease the electronic contact loss
during cycling. In the process of removing photoresist in acetone, composite films release
the residual strains by cracking into pieces and curving to achieve a minimum system
energy. In general, a self-rolled tube has several to dozens of rolls, giving rise to a wall
thickness ranging from hundreds of nanometers to several micrometers. For the use of
Li+ storage, an ideal tube should balance tube wall thickness and hollow tube center, and
also have loose contacts in adjacent layers to facilitate charger kinetics. These properties
are all related to film residual strain, which is determined by both film thickness and
deposition conditions.
 C layer
 Si layer
Photoresist
Substrate
3″ wafer scale
Figure 4.1: Schematic diagram of the C/Si bilayer film on a holding substrate. The
substrate is a 3 inch Si wafer covered with aluminum foil. Si and C film are sequentially
sputtered on top of photoresist sacrificial layer.
4.2.2 Deposition parameter optimization
Optimized deposition parameters of both C and Si are required for desired self-rolled Si/C
tubes. Regarding C film deposition, previous experience suggests that a large compres-
sive strain can be generated at Ar pressure of 7.5×10−4 mbar and a deposition power
of 200 W. At this condition, the C nanomembrane rolls downwards during strain re-
lease. Considering its supporting functionality, film thickness was initially designed as 10
nm.
For the Si layer, all the parameters including substrate temperature, film thickness, argon
pressure and target power, should be experimentally optimized for desired tube properties.
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Substrate temperature is not a controllable variable in my work, but the phenomenon
of overheating is avoided owing to the use of RF generator and magnetron, giving rise
to a temperature fluctuation of only 10 ◦C around room temperature. Regarding the
other three factors, each parameter should be theoretically considered or experimentally
determined.
(1) Si thickness
Silicon as active material and the main component in this composite, its thickness is de-
termined according to the following considerations: 1). thickness of composite membrane
must be lower than a critical value, namely in the range of submicro- and nanoscale, so
that the residual strain is large enough to drive the rolling process; 2). the composite
membrane should to be less than 100 nm in thickness since the tube wall is an accumu-
lation of multiple rollings, which might prolong diffusion distance of Li+ and thus limit
charge-discharge rate capability; 3). the hollow tube center needs to be large enough for
the volume expansion during lithium insertion; 4). the mass ratio of C and Si should
be balanced for both high capacity and cycling stability. Thereby, Si film thickness was
designed to be 40 nm.
(2) Ar pressure and deposition power
Argon pressure directly affects the deposition rate and thus the intrinsic stress in thin
films.[98] By introducing different pressures, a compressive or tensile stress could be gener-
ated. The resulted stresses in thin films were measured by a Tencor FLX 2410 equipment.
Due to a compressive or tensile force from the film, the attached substrate accordingly
bends and thus a curvature forms. In this experiment, wafer curvature was determined
via measuring the deflection angle of a laser beam off the substrate surface. By comparing
the change in radius of substrate with and without the stressed film, stresses in thin films
could be obtained according to Stoney formula.[136] Figure 4.2 (a) displays stresses in
100 nm Si films obtained at three different Ar pressures. In the bilayer system, Si film
was deposited at 7.5×10−4 mbar, with which large compressive stress in the composite
membrane could easily drive the rolling down process.
(3) Deposition power
By keeping the pressure at 7.5×10−4 mbar, films deposited at 100 W and 200 W were
compared. The obtained self-rolled structures are shown in Figure 4.2 (b). A similar
average diameter is obtained with both deposition powers. However, the main difference
is that film deposited under the lower power is more fragile, hence there are many small
crumbs that can not roll up during the etching process. Above all, a power of 200 W is
more preferable.
Thus, the composite nanomembranes of 40nm Si/ 10nm C are deposited by RF magnetron
sputtering at 200 W with argon pressure at 7.5×10−4 mbar for both samples. Based on
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Figure 4.2: (a) Pressure effect on the residual stress of Si film. (b) SEM images of self-
rolled Si/C tubes with Si deposition power of 100 W and 200 W, respectively. During the
rolling process, many small crumbs are formed for nanomembranes deposited under the
lower power.
these conditions, the rolling process is readily to occur, which gives self-rolled tubes with
a mean diameter of several micrometers. This size is well acceptable due to the adequate
free internal space for volume accommodation, as well as a high proportion of active
material mass loading.
4.2.3 Structure characterization
Tomography study
A strained Si/C bilayer nanomembrane presents distinct tomography features before and
after rolling. Before the rolling process, the Si/C composite membrane displays irregular
winkles due to the residual strain generated during deposition process, which insures
the existence of driving force for membrane rolling (Figure 4.3(a)). After removing the
sacrificial layer, large compressive strain drives the bilayer membrane self roll downwards
via stress release. Figure 4.3(b) is a SEM image of tightly self-rolled tubes. A statistic
analysis about tube diameter was performed on 100 tubes. As shown in Figure 4.3(c),
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an average diameter around 7 µm is obtained based on depositions conditions mentioned
above.
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Figure 4.3: (a) Strained Si/C film of 40nm Si/ 10nm C on photoresist sacrificial layer.
(b) Self-rolled tubular structure obtained via film strain release. (c) Statistical analysis
suggests an average diameter ∼ 7 µm.
Raman analysis
Raman analysis (InVia, Renishaw) was performed to determine the composition of as-
prepared samples at a wavelength of 442 nm (Figure 4.4). The broad peak located at 467
cm−1 is related to a typical vibration mode of amorphous silicon.[137] A characteristic
peak around 520 cm−1, indicative for crystalline silicon, is not detected in the samples.
Regarding carbon material, a wave packet at 1577 cm−1 is observed (Figure 4.4a). It is
known that the graphite G-band is located at about 1580 cm−1 and the D-band is near
1350 cm−1. For amorphous carbon with disordered structure, it should present a broad
band in the wavenumber region between 900 cm−1-1800 cm−1.[138] Thus the carbon film
is confirmed with amorphous structure. Figure 4.4(b) displays a Raman spectrum with
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higher spectrometer resolution (Trivista Raman system), which exhibits characteristic D
and G bands with D/G ratio of 0.83. Thus the deposited nanomembranes are confirmed
to have amorphous structures for both silicon and carbon.
-1
Wavenumber (cm )
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
s
)
400 800 1200 1600
Amorphous Si
1200 1400 1600 1800
D band
G band
-1
Wavenumber (cm )
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
s
)
(a) (b)
Amorphous C
Figure 4.4: (a) Raman spectra of Si/C composite self-rolled tubes and (b) a ID/IG ratio
of 0.83 for amorphous carbon.
4.3 Electrochemical measurements of Si/C bilayer
anodes
With the above bilayer structure design and optimized deposition parameters, self-rolled
microtubes from Si/C composite nanomembrane are prepared in electrodes for electro-
chemical characterization. In this section, SEM characterization is firstly performed on
the SEI layer at discharged and charged statuses. Then, CV analysis and galvanostatic
measurements are carried out. In order to compare the functionality of the C matrix, the
electrochemical characterization is performed on two systems with varied C thickness, i.e.
40 nm Si/ 10 nm C (sample 01 ) and 40 nm Si/ 20 nm C (sample 02 ).
4.3.1 Solid electrolyte interphase (SEI) layer analysis
Thermodynamic stability considerations require the redox energies of both electrodes
to lie within the band gap Eg of the electrolyte, or else a SEI layer will form due to
electrolyte reduction or oxidation (see chapter 2.1). In this work, electrolyte consists
of LiPF6 lithium salt and carbonate blend, which has an reduction potential near 1.0
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V referring to Li/Li+.[7] For materials that have a lower insertion potential (e.g. Si,
C...), this electrolyte would be reduced and forms complex products depending on the
combination of the species.[49,139]
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Initial state
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After 1  charge
(a) (b) (c)
Figure 4.5: SEM images of electrode materials at different statuses. (a) The fresh elec-
trode with pristine self-rolled tubes. (b) After the first discharge to 0 V, a clear passiviting
layer is observed on the electrode surface. (c) The electrode morphology partially recovers
to its original status after charging to 2.0 V.
SEI layer evolution on cycled electrode surface was analyzed by SEM investigation. The
morphologies from different statuses are shown in Figure 4.5, where the upper and lower
panel are diagrammatic sketch and SEM images, respectively. Figure 4.5 (a) shows an
original electrode surface, in which well-shaped self-rolled tubes with smooth walls are
presented. Figure 4.5 (b) displays the surface morphology after first discharging to 0.0 V,
which clearly shows a passivating (SEI) layer covering the electrode surface. A stable SEI
layer is crucial for battery performance, as it enlarges the energy gap of electrolyte and
prevent its further decomposition.[140, 141] On the other hand, it consumes lithium ions
and might affect ionic motion by pore plugging, or could contribute to resistive electrical
paths to parts of the anode structure. The electrode surface in Figure 4.5 (c) relates
to a delithiated state (2.0 V vs. Li/Li+). Clearly, the electrode partially recovers to
its original state and the passivating layer is not obvious anymore. This indicates that
previous formed SEI layer is not stable.
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4.3.2 Li+ insertion/extraction measurements
The insights of Li+ insertion/extraction were investigated by cyclic voltammetry and
galvanostatic measurements. Here, CV measurement provides the information about
reversibility and mechanism of Li+ insertion/extraction in Si/C self-rolled tubes. In a
galvanostatic measurement, the specific capacities and capacity losses are quantified. For
a comparison of varied C thickness on cell performance, sample 01 (40nm Si/ 10nm C)
and sample 02 (40nm Si/ 20nm C) are parallel studied.
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Figure 4.6: Cyclic voltammograms of (a) sample 01 (40nm Si/ 10nm C) and (b) sample
02 (40nm Si/ 20nm C) for the first three cycles at a scanning rate of 0.1 mV s−1. (c, d)
The first discharge/charge curves of both samples at a current rate of 100 mA g−1 within
a voltage window of 0 - 2 V.
During the CV measurements, a Si/C self-rolled tube based electrode is the working
electrode, and metallic Li is the counter/reference electrode. At scanning rate of 0.1 mv
s−1, the forward scanning is from VOC (here is 2.7 V vs. Li/Li+ for sample 01 ) towards
a lower cutoff voltage. With such a slow rate, polarization induced pseudomorphs could
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be avoided thus a more realistic redox reaction can be obtained. Figure 4.6 (a) shows
the CV curves of sample 01. In the first discharge curve, the main cathodic peak is
observed at 0.04 V with an onset potential around 0.3 V, which corresponds to a series
of Li-Si alloys.[109, 142] Another weak peak appeared at 0.8 V, which is assigned to the
formation of SEI layer.[128] Upon the second discharge, peaks at 0.21 and 0.08 V are
observed as opposed to the first discharge, while the SEI formation peak disappears. This
is widely considered as initial “formation” effect, which is irreversible and associated with
the filming of the electrode.[121] Two anodic peaks at 0.4 and 0.53 V are observed during
the charging process, which can be ascribed to the phase transition between amorphous
LixSi alloys and amorphous silicon.[137] As far as current intensities concerned, they are
gradually decreasing within the initial 3 cycles, which indicates that less silicon remains
active during cycling. This is in accordance with previous observed unstable SEI layer,
which leads to exposure of more fresh Si in the electrolyte and hence thicker SEI layer is
formed. Comparing with the CV curves of sample 02 (Figure 4.6 (b)), the main difference
comes from the intensity of SEI layer formation peak located at 0.8 V. This peak is much
stronger than that of sample 01, which could result from a thicker C coating layer. Another
feature from sample 02 is that the current drop is slower in subsequent cycles, indicating
a better cyclability due to a higher portion of carbon mass loading.
Sample 01 and sample 02 were characterized by galvanostatic measurement for cycling
performance within a voltage window of 0 - 2 V. Figure 4.6 (c) and (d) show the first
discharge/charge voltage-capacity profiles of each sample, respectively. Clearly, there are
two slopes in the first discharge curve for both samples. The first slope starts around 0.8
V and is contributed by SEI layer formation, which is in agreement with the redox peak
observed in CV curves. The other large plateau begins with an onset potential around
0.3 V. This typical a-Si lithiation feature is consistent with previous CV curves and
other results from literature. [119, 137] Regarding the specific capacities, 1717 mAh g−1
(sample 01 ) and 2286 mAh g−1 (sample 02 ) are respectively achieved in the first discharge.
However, both samples present large irreversible capacities.
4.3.3 Cycling properties
Cycling properties of both samples are compared in Figure 4.7 (a). At a current density
of 100 mA g−1, the specific capacity of sample 02 is much more stable than that of sample
01. This could be ascribed to a higher portion of carbon material. Beneficial from its
good conductivity and softness, volume changes are effectively accommodated and thus
a better cycling performance is predictable.[143,144]
However, thicker C coating layer results a poorer Coulombic efficiency (CE), although it
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is not satisfying for sample 01 as well. This might arise from an single side coating of
C. With this structure, it can only enhance material conductivity and constrain volume
changes at one side of Si film, while the bare side still experiences large expansion and
extraction. For thick carbon coating in this bilayer system, lithiation/delithiation induced
strain gradient between C and Si is even larger than that from a thin coating layer. In this
case, it is even easier to crack the composite membrane and expose more fresh face for
SEI layer formation. Moreover, the passivating SEI film accumulatively increases internal
resistance for both electrons and ions, more and more inserted ions are continuously
trapped in silicon leading to a poor Coulombic efficiency.[128,134]
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Figure 4.7: (a) Cycling performance comparison of sample 01, sample 02 and sample 02
+ VC additive. (b) Specific capacity evolution of commercial Si micro-particles as anodes
for 20 cycles.
Furthermore, the specific capacities of both samples are not satisfied, even though they
are advanced to commercial micro-sized Si particles (Figure 4.7 (b)). The capacity of
sample 01 drops to 40 mAh g−1 after 20 cycles, and that of sample 02 drops to 700
mAh g−1 after 20 cycles, with only 50% capacity retention. Similar to the reason for
a low Coulombic efficiency, this rapid capacity decay might be assigned to the uneven
conductive network: on one hand, Li+ is gradually consumed by continuous SEI layer
formation, leading to less lithium ions for further redox reactions; on the other hand,
cracks generated by volume changes may lose electrical connections with the current
collector and thus results in a decrease in capacity. Additionally, tight rolling is likely
another reason that limits the specific capacity. Because of poor charger transfer kinetics
in silicon, internal Si material that is buried in middle layers may not be completely
activated, which is further hindered by growing SEI passivating layers. Nevertheless, a
higher C mass ratio should sacrifice the specific capacity of the composite system, thereby
a lower capacity (both theoretical and experimental) of sample 02 is reasonable. But in
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this measurement, the anode based on 20 nm C/ 40 nm Si presents both higher specific
capacity and better cycling performance. This further proves the impacts of system
conductivity on electrochemical performance.
However, when sample 02 was cycled in electrolyte with 2 vol % vinylene carbonate
(VC), a slight enhancement in cycling stability is observed. This is largely due to a
better SEI layer caused by VC addition, which is consistant with reported results.[145–
147]
4.4 Conclusion
In this chapter, Si/C bilayer self-rolled microtubes are successfully fabricated via rolled-up
nanotechnology. With SEM analysis and Raman spectroscopy, the tubes are determined
to consist of a-Si and a-C materials and of an average diameter around 7 µm. SEI
layer formation is clearly demonstrated by SEM characterization of electrodes at different
statuses, and Li+ insertion/extraction is investigated by both cyclic voltammetry and
galvanostatic measurements. Regarding the cycling properties, 40 nm Si combined with
20 nm C displays better performance over that of 40 nm Si/ 10 nm C, which indicates
a positive role of higher portion of carbon mass loading. However, both combinations
present unsatisfying specific capacities and Coulombic efficiencies, which are attributed
to the unstable SEI layer formation, the uneven conductive network and tightly attached
tube walls. Therefore, an advanced strain-released structure should be proposed, which
will be introduced in the next chapter.
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5 Strain-released C/Si/C trilayer
membranes as anode for LIBs
5.1 C/Si/C trilayer self-rolled tubes as anodes
In the previous chapter it was proposed, that the unstable SEI layer formation, uneven
conductive network and tightly attached tube walls are the main reasons for unsatisfied
electrochemical behaviors. Hereby, a double-side coating of C on silicon layer is designed.
By tuning the Ar pressure during film deposition, loosely rolled C/Si/C trilayer membrane
will be investigated for lithium storage.
5.1.1 Structural advantages
The new structure design is schematically displayed in Figure 5.1, which features a double
carbon shielding layer for an even conductive network and buffering matrix. Furthermore,
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C/SiC
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e
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Figure 5.1: Rolled-up tubes from a strain-released C/Si/C trilayer nanomembrane, the
Si layer is coated with 10 nm C film at both sides.
loosely rolled tubes are suggested to be beneficial for improving Li+ storage performance.
Thus the Si film was deposited with Ar pressure of 2×10−2 mbar, which leads to a tensile
stress that counteracts the large compressive stress from C film, so as to generate relative
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loose rolled tubes. Additionally, the thickness of each C shielding layer was designed
as 10 nm, resulting a sandwich C/Si/C (10 nm / 40 nm /10 nm ) combination. This
could effectively enhance system conductivity by a total thickness of 20 nm, prevent the
compromise in specific capacity and avoid a thick SEI layer formation. On the whole, this
C/Si/C trilayer structure design could not only provide loose tubes with even conductive
network, but is also appealing for stable SEI layer formation during cycling. That way,
superior electrochemical performance can be achieved. By applying the same fabrication
processes, electrodes are prepared with the addition of carbon black and binder at a weight
ratio of 7:2:1 for further characterization.
5.1.2 Electrode morphology characterization
The merits of self-rolled C/Si/C trilayer microtubes will take effects only when they can
preserve their mechanical structure after callous fabrication processes. In this work, struc-
ture details of C/Si/C microtubes after electrode fabrication were firstly characterized by
SEM imaging. Figure 5.2 (a) displays a top-view image of the fresh electrode consisting of
10µm 100nm50µm
(a) (b) (c)
Figure 5.2: SEM images of C/Si/C self-rolled tubes after electrode fabrication. (a, b) The
self-rolled tubes (ø ≈ 20 µm) keep their tubular structure after the electrode fabrication
process. (c) Single tube cross-section profile obtained by focused ion beam (FIB).
C/Si/C self-rolled tubes. Bulk tubes are observed to keep their tubular shapes after the
electrode fabrication process. Figure 5.2 (b) clearly shows that the tubes have an average
diameter around 20 µm and smooth tube walls. Apparently, the trilayer membrane based
tubes are larger than those made from the bilayer system, which indicates a looser contact
between adjacent windings. The well maintained tubular structure also suggests excellent
mechanical stability of the microtubes. The cross-sectioned profile of a single self-rolled
tube is revealed by the SEM image after FIB (focus ion beam) cutting. Figure 5.2 (c) is
a zoomed-in image of tube wall, which clearly exhibits several loosely wrapped windings
composed of periodically arranged C/Si/C multilayers.
48
5.2 Electrochemical characterizations
5.2 Electrochemical characterizations
The assessment of electrodes for Li+ storage is based on battery cells. Swagelok half-
cells are prepared following the same procedures as described in chapter 3. In addition,
according to the positive effects of CV additive as demonstrated in the last chapter,
electrolyte (LP30) with 2 vol % is employed in this work.
5.2.1 Li+ insertion/extraction analysis
Cyclic voltammetry was performed at room temperature in a range of 0 - 2.5 V vs. Li/Li+
at a scanning rate of 0.2 mV s−1 (Figure 5.3(a)). Similar to the CV curves of bilayer
systems, there is a broad peak centered around 0.75 V in the first discharge process, which
is assigned to the SEI layer formation. The main cathodic peak begins at a potential of
around 0.28 V and becomes quite large below 0.2 V, corresponding to the formation of
a series of LixSi (0≤ x ≤ 4.4) alloys.[109, 121] The anodic peaks appear at 0.39 V and
0.52 V, corresponding to the phase transition between amorphous LixSi to amorphous
Si.[137] Figure 5.3(b) shows the corresponding first three charge-discharge curves at a
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Figure 5.3: (a) Cyclic voltammetry curves of C/Si/C trilayer microtubes from 2.5 V to
0 V versus Li/Li+ at 0.2 mV s−1 scan rate. (b) Charge-discharge profiles with a voltage
cutoff between 1.5 V and 0.05 V versus Li/Li+ at a rate of 50 mA g−1.
current density of 50 mA g−1 in the voltage window of 0.05 and 1.5 V vs. Li/Li+. The
onset slope at 1.0 V corresponds to the SEI layer formation, which agrees with the CV
measurement and disappears in the following cycles. The plateau starting from 0.3 V
relates to the alloy formation process between Li and amorphous Si, which is distinct
from the lithiation of crystalline Si.[148] It is noticeable that a specific capacity around
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3000 mAh g−1 is achieved in the first discharge. This is much higher than that of the 40nm
Si/ 20nm C combination, although they have the same mass ratio.
5.2.2 Galvanostatic measurements
1. Cycling performance
When employed as anode materials in LIBs, the trilayer C/Si/C microtubes exhibit ex-
cellent stability with a highly reversible capacity compared to bilayer systems. Figure
5.4 (a) and (b) show charge-discharge capacities as a function of cycle number at current
densities of 50 mA g−1 and 500 mA g−1 in the voltage range of 0.05 - 1.5 V vs. Li/Li+.
The specific reversible capacity reaches ∼ 2000 mAh g−1 at 50 mA g−1 without discernible
decline after ten cycles, suggesting a stable SEI layer formation. Impressively, when cycled
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Figure 5.4: Electrochemical characterization of the C/Si/C trilayer microtubes in
Swagelok half cells. Cycling performance showing the charge/discharge capacities of the
tubes at current densities of (a) ∼ 50 mA g−1 and (b) ∼ 500 mA g−1 from 0.05 V to
1.5 V versus Li/Li+. All the capacities were calculated based on the total mass of the
C/Si/C microtubes.
at a rate of 500 mA g−1, the anode retained its capacity even after 300 cycles with almost
100% capacity retention. Such ultra-long cycle life is not observed for most other Si-based
anodes due to the critical issue of structure pulverization.[120] This outstanding cycling
performance benefits from the self-rolling process as well as the unique structural features
of trilayer C/Si/C composite structures. The capacity at a current rate of 500 mA g−1
gradually increases after a slight decrease in the initial ten cycles, as shown in Figure 5.4
(b). The slight capacity decay results from the solid electrolyte interphase (SEI) layer
formation on the exposure surface of the tube inner windings, which are initially wrapped
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by outer rolls. This phenomenon could be caused by the volume changes of Si during cy-
cling, which loosen the interior windings and expose the inner surfaces to the electrolyte.
The capacity gradually increases afterwards, which is mainly due to the activation of the
internal wrapped active materials, and finally all of them contribute to the electrochem-
ical reaction.[15] The moderate decrease in capacity starts after 150 cycles, which could
be a result of the slight degradation of the electrode during cycling.
Rate capability
Figure 5.5 (a) and (b) show the stable rate capability of the multilayer C/Si/C microtubes.
It can be seen that the capacity gradually decreases with increasing current density from
a low current rate of 0.1 A g−1 to a high current rate of 25 A g−1. With a current density
of 5 A g−1, the trilayer microtubes can still keep a specific capacity around 500 mAh g−1.
Notably, the capacity is then reversibly back to ∼1000 mAh g−1 once the current rate
goes back to 0.5 A g−1. The excellent rate capability of the multilayer C/Si/C microtubes
benefits from several aspects, including short diffusion length of thin films, the improved
conductivity on both sides as well as the loose tubular structure for facilitated kinetics.
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Figure 5.5: (a) Rate performance with a maximum current rate of 25 A g−1. (b) Rep-
resentative discharge–charge voltage profiles at various current rates.
5.2.3 Performance comparison with literature
Comparing the results with that of other reported Si-based anodes, C/Si/C trilayer micro-
tubes are superior to many other structures in terms of cycling performance. Moreover,
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the fabrication method is facile and without toxic or dangerous substances. Here, a gen-
eral comparison of Si based anodes will be given from the method and performance point
of view.(Table 5.3) More specifically, 1D nanowires/nanorodes/nanotubes and Si particles
based 3D nanostructures are compared. Two-dimensional nanosheets are barely prepared
for lithium storage, and directly deposited/grown Si films usually are classified as film
electrodes[107], which will not be introduced here.
5.3 Electrode morphology evolution
5.3.1 Variation of the tube cross-section
SEM and FIB cutting were employed to examine the cross-sectioned profiles of C/Si/C
microtubes following lithiation/delithiation. In Figure 5.6 (a) and (b), the original elec-
trode is shown as reference. It presents a smooth tube surface, well dispersed carbon black
additives and relative loose contact windings. After the first lithiation (Figure 5.6 c and
d), tube surfaces become passivated and the layer thickness increases by twice compared
with the pristine state. The emerged large spaces between adjacent windings are perhaps
due to the volume expansion of Si, which drives C/Si/C membrane to expand towards the
hollow interior for volume change accommodation. After the first charge to 1.5 V (Figure
5.6 e and f), lithium ions are extracted from the LixSi alloys, leaving large inter-layer
gaps, through which ion diffusion and electron transport could be further facilitated. Me-
chanical strain generated during lithiation/delithation easily leads to structure cracking
and pulverization, apparently the multilayer C/Si/C microtubes considerably suppress
the local stress gradients. Figure 5.6 (g) and (h) indicate the overall morphology and
double-side C coating are well maintained even after 82 cycles, revealing a good mechan-
ical stability of the multilayer C/Si/C microtubes during cycling. Notable, from layer
thickness comparison, the trilayer membrane surface is homogeneously passivated with a
thin SEI layer. This firmly proves that a stable SEI layer is formed benefiting from this
trilayer rolled-up structure design, which ensures the system stability and outstanding
electrochemical performance.[134]
5.3.2 Auger electron spectroscopy (AES) depth profiling analysis
In this work, carbon coating plays a significant roll in maintaining cell performance. In
order to confirm the integrity of the carbon coating layer after cycling, AES sputter depth
profiling was performed on a delithiated C/Si/C microtube (Figure 5.7) in collaboration
with Dr. Steffen Oswald (IKM, IFW-Dresden). Upon an analysis of element concentration
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5.3 Electrode morphology evolution
Lithiated tube
st
(1  discharge to 0 V)
Delithiated tube
 charge to 1.5 V)
st
(1
Structure stability
(after 82 cycles)
c)
2µm 200nm
d)
2µm 200nm
e) f)
200nm2µm
g) h)
2µm
Original state
a)
200nm
b)
Figure 5.6: Cross-sectioned morphology evolutions of the microtubes at initial states (a,
b), after the 1st discharge (c, d), after the 1st charge(e, f). The tubes still maintain the
tubular structure after 82 full cycles.(g, h)
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varying with depth, the exposed surface could be determined as C or Si layer. As depicted
Si
Si
Si
C
C
C
5 µm
(a) (b)
Figure 5.7: (a) AES depth profile investigation on delithiated C/Si/C tubes for cracks
examination. (b) Schematic of surface crack detection by AES.
in Figure 5.7 (b), if cracks exist in the carbon coating layer, Si will be exposed for detection.
From the concentration analysis, it will dominate in the element composition even before
sputtering away the outer-layer.
Table 5.1: AES depth profile on pristine C/Si/C tube
Sputter time C (%) Si (%) O (%)
0 sec 99.76 0.03 0.2
2 min 99.37 0.32 0.3
4 min 97.95 1.92 0.13
Table 5.2: AES depth profile on delithiated C/Si/C tube
Sputter time C (%) Si (%) F (%) O (%) P (%)
0 sec 85.47 0.52 0.69 10.83 2.48
30 sec 92.14 0.30 0.35 4.52 2.68
2 min 97.46 1.12 0.16 0.99 0.26
5 min 89.69 6.64 0.67 2.61 0.39
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5.4 Conclusion
A pristine tube and a delithiated tube were compared in Table 5.1 and Table 5.2, which
display the corresponding composition changing with sputter time. Clearly, carbon dom-
inates the outermost layer in the pristine tube. For the delithiated C/Si/C microtube,
Table 5.2 shows a sequential variation of material composition from the outermost layer
to the second layer. The results reveal a presence of C, Si, O, P, F elements, which are
ascribed to the residual electrolyte and products from SEI layer.[141] As shown in the
table, a large mount of surface oxygen might come from Li2CO3, which is the main prod-
uct from carbonates reduction.[49,149] Similarly, P and F are the products resulted from
LiPF6 salt in the electrolyte. Still, C is the main component at the surface, corresponding
to an integral outer C layer of the delithiated C/Si/C microtubes. Working through the
C wall by a sputtering time from 30 s to 2 min, a decrease of O concentration is observed,
accompanying with an increase of C concentration. This is consistent with the fact that
the SEI layer is mainly formed at the outer electrolyte-electrode interface. The Si con-
centration drastically increased when the sputtering time exceeded 2 min, indicative of
the detection approaching the C-Si interface within the membrane. On the contrary, a
high Si concentration will be detected in the beginning if there are cracks in the carbon
coating layer. We have performed AES sputter depth profiling on three different areas of
the same microtube, and obtained the same results.
Therefore, the results from AES depth profiling clearly prove that surface carbon coating
in the C/Si/C microtubes keeps its integrity during the first lithation, which is also
consistent with the reported results.[150] In these reports it was claimed that if the carbon
coating layer for the crystalline Si nanostructures is below 10 nm, the coating layer is
flexibly maintained without breaking during cycling.
5.4 Conclusion
In conclusion, we have employed a self rolling method to fabricate novel C/Si/C mul-
tilayer microtubes for the anode electrodes of LIBs. The electrochemical performance
shows significant improvement compared to C/Si and pure Si structure systems. A high
capacity of 2000 mAh g−1 can be retained at a current density of 50 mA g−1 without
discernible decay, and the capacity can keep ∼ 1000 mAh g−1 even after 300 cycles at
500 mA g−1 with almost 100% capacity retention. Mechanical stability of the struc-
ture and robustness of the C coating are proven by cross-section profile investigation and
AES depth profiling, which show great agreement with the outstanding electrochemical
behaviors.
Overall, a self-wound trilayer structure fabricated via thin film strain release is promis-
ing in lithium storage. The excellent cycling performance and rate capabilities can be
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attributed to the following reasons: (1) The C/Si/C tubes are formed by self-winding
during film strain release, which could effectively ease the intrinsic strain and offer a min-
imization of the system energy, thereby enhancing the tolerance to stress cracking caused
by lithiation/delithiation processes. (2) This unique structure originates from thin films,
which combines the merits from thin film effect and the advantages of tubular structures.
As a result, it can not only provide hollow channels for electrochemical reaction, but also
facilitate fast lithium ion diffusion and electron transport. (3) The self-rolled nanomem-
brane consists of one layer of active Si films and two layers of C films forming a novel
sandwich nanomembrane, where the double C layers can provide an even conductive net-
work. In addition, the softness and stability of C can effectively buffer Si volume change
and maintain the structural integrity of the composite system. Moreover, upon uniform
coating with C thin films, a stable SEI layer can be formed. (4) By tuning of argon
pressure, loosely wrapped tubes with a larger central hollow space are obtained, which
allows a better charge transfer kinetics during reactions.
56
5.4 Conclusion
Ta
bl
e
5.
3:
St
at
e-
of
-t
he
-a
rt
pe
rfo
rm
an
ce
ba
se
d
on
va
rio
us
na
no
st
ru
ct
ur
es
T
yp
es
St
ru
ct
ur
es
M
et
ho
d
Vo
lta
ge
R
at
es
Q
1d
C
E
(%
)
C
yc
la
bi
lit
y
re
f.
(V
)
(m
A
h/
g)
Pa
rt
ic
le
s
Si
gr
an
ul
es
C
V
D
0
-2
C
/2
0
19
50
80
10
0
cy
cl
es
,1
59
0
m
A
h/
g
[1
51
]
Si
N
P
@
G
E
le
ct
ro
st
at
ic
as
se
m
bl
y
0.
05
-1
10
0
m
A
/g
29
20
59
15
0
cy
cl
es
,1
20
5
m
A
h/
g
[1
52
]
Si
N
P
@
G
pa
pe
r
M
ix
in
g
+
G
O
re
du
ct
io
n
0.
02
-1
.5
1
A
/g
∼3
40
0
∼8
0
30
0
cy
cl
es
,4
0%
re
te
nt
io
n
[1
53
]
Si
N
P
@
C
N
Ts
Li
qu
id
in
je
ct
io
n
C
V
D
0.
02
-1
.2
10
0
m
A
/g
25
52
80
.3
15
0
cy
cl
es
,1
00
0
m
A
h/
g
[1
54
]
3D
po
ro
us
Si
M
P
T
he
rm
al
an
ne
al
in
g
+
te
m
-
pl
at
e
et
ch
in
g
0
-1
.2
40
0
m
A
/g
31
38
90
10
0
cy
cl
es
,2
78
0
m
A
h/
g
[1
55
]
Po
ro
us
Si
N
P
D
op
in
g
+
el
ec
tr
ol
es
s
et
ch
-
in
g
0.
5C
20
0
cy
cl
es
,1
00
0
m
A
h/
g
[1
56
]
Si
ho
llo
w
na
no
sp
he
re
s
C
V
D
+
te
m
pl
at
e
et
ch
in
g
0.
01
-1
22
0
m
A
/g
35
44
77
70
0
cy
cl
es
,
14
20
m
A
h/
g
(C
/2
)
[1
57
]
A
g
tr
ea
te
d
po
ro
us
Si
Te
m
pl
at
e
+
ca
lc
in
at
io
n
+
M
g
re
du
ct
io
n
0.
05
-2
10
0
m
A
/g
37
62
84
10
0
cy
cl
es
,2
80
0
m
A
h/
g
[1
58
]
C
or
e-
sh
el
lS
i@
Si
O
X
/C
M
ix
in
g
+
hy
dr
ot
he
rm
al
ca
rb
on
iz
at
io
n
0.
05
-1
15
0
m
A
/g
32
00
56
60
cy
cl
es
,1
10
0
m
A
h/
g
[1
59
]
Yo
lk
-s
he
ll
Si
@
C
W
et
ch
em
ic
al
+
ca
rb
on
iz
a-
tio
n
+
et
ch
in
g
0.
01
-1
C
/1
0
28
33
60
10
00
cy
cl
es
,1
10
0
m
A
h/
g
(1
C
)
[1
60
]
Si
N
P
@
C
co
re
-s
he
ll
na
no
fib
er
E
le
ct
ro
sp
in
ni
ng
+
ca
r-
bo
ni
za
ti
on
0.
00
5
-1
.5
C
/1
0
14
91
87
.5
30
0
cy
cl
es
,
80
0
m
A
h/
g
(3
C
)
[1
61
]
Si
N
P
@
C
Ts
E
le
ct
ro
sp
in
ni
ng
+
ca
r-
bo
ni
za
ti
on
+
et
ch
in
g
0.
01
-1
1
A
/g
11
00
71
20
0
cy
cl
es
,4
0%
re
te
nt
io
n
[1
62
]
N
an
ow
ir
es
Si
N
W
C
V
D
0.
01
-2
C
/2
0
42
77
73
20
cy
cl
es
,3
50
0
m
A
h/
g
[1
63
]
P
E
D
O
T
@
Si
N
W
C
V
D
+
el
ec
tr
oc
he
m
ic
al
0.
01
-2
C
/1
0
(0
.4
2
A
/g
)
38
50
89
10
0
cy
cl
es
,2
51
0
m
A
h/
g
[1
64
]
Po
ro
us
do
pe
d
Si
N
W
E
le
ct
ro
le
ss
et
ch
in
g
0.
01
-2
0.
4
A
/g
33
54
91
20
00
cy
cl
es
,1
00
0
m
A
h/
g
[1
65
]
Po
ro
us
Si
@
C
co
re
sh
el
l
na
no
w
ir
e
SB
A
-1
5
te
m
pl
at
e
m
et
ho
d
0
-1
.5
0.
2
(6
00
m
A
/g
)
31
63
86
80
cy
cl
es
,2
73
8
m
A
h/
g
[1
66
]
C
N
T
-S
ic
or
e-
sh
el
lN
W
P
E
C
V
D
+
R
F
sp
ut
te
ri
ng
0.
01
-1
.2
0.
2C
(0
.8
4
A
/g
)
42
00
65
10
0
cy
cl
es
,2
50
2
m
A
h/
g
[1
67
]
N
an
ot
ub
es
Si
N
T
@
C
co
at
in
g
C
V
D
+
te
m
pl
at
e
+
re
du
c-
tio
n
0
-1
.5
0.
2C
(0
.6
A
/g
)
36
48
89
20
0
cy
cl
es
,2
70
0
m
A
h/
g
[1
32
]
Si
@
C
tu
be
C
V
D
+
te
m
pl
at
e
+
et
ch
in
g
80
m
A
/g
75
25
0
cy
cl
es
,
70
0
m
A
h/
g
(1
.7
A
/g
)
[1
68
]
Si
@
Si
O
X
tu
be
s
E
le
ct
ro
sp
in
ni
ng
+
C
V
D
+
O
xi
da
tio
n
+
et
ch
in
g
0.
01
-1
0.
2C
(0
.4
A
/g
)
17
80
76
60
00
cy
cl
es
,
88
%
re
te
n-
tio
n
(1
0C
)
[1
34
]
Si
N
T
E
le
ct
ro
sp
in
ni
ng
+
so
l-g
el
+
py
ro
ly
si
s+
di
az
ot
iz
at
io
n
0.
00
1
-1
.5
40
0
m
A
/g
20
00
90
90
cy
cl
es
,8
00
m
A
h/
g
[1
69
]
Se
al
ed
Si
N
T
hy
dr
ot
he
rm
al
+
C
V
D
+
re
-
du
ct
io
n
0.
01
-2
0.
2
C
29
24
90
50
cy
cl
es
,2
10
0
m
A
h/
g
[1
33
]
57

6 Rolled-up SnO2-based nanosheets as
anode for LIBs
6.1 Introduction
In previous works, rolled-up nanotechnology has been demonstrated to be advanced in
lithium storage based on tubular structures. As a robust method, it can not only produce
rolled-up tubes, but can also create architectures of other forms with minimized strain en-
ergy. Additionally, the tubular structure should be improved for a better volume efficiency,
or else material packing density and the potential for further practical applications will be
hindered. In this chapter, the approach is further developed to create compact nanosheets
and sandwich-stacked nanosheets based on SnO2 active material.
6.1.1 SnO2 as anode material
Like silicon, SnO2 is another promising anode material owing to its high theoretical ca-
pacity and environmental benignity. Moreover, it has a relative low Li+ intercalation
potential, which could match most of the cathode materials and provide reasonable en-
ergy density.[61] In 1997, tin-based amorphous composite oxides with a capacity of 600
mAh g−1 was demonstrated by Yoshio Idota and co-workers.[170] The mechanism of SnO2
as anode is based on Li+ reversible alloying/dealloying with active tin, which could be
described in the following equations[171]:
SnO2 + 4 Li+ + 4 e− −→ Sn + 2 Li2O (6.1)
Sn + xLi+ + xe− ←→ 4 LixSn (0 ≤ x ≤ 4.4) (6.2)
Reaction 6.1 generally occurs in an initial discharge cycle and is considered an irreversible
process, in which SnO2 is reduced to metallic Sn and inactive Li2O phases. Equation 6.2
refers to a reversible alloying/dealloying reaction. In this process, each Sn atom could
maximumly accommodate 4.4 lithium ions for a high theoretical capacity of around 781
59
6 Rolled-up SnO2-based nanosheets as anode for LIBs
mAh g−1.[172] Thus, lithium storage in tin oxides is essentially analogous to that in tin
metal but with an extra lithium oxide phase.
However, SnO2 anode material suffers from poor electronic conductivity due to intrinsic
nonstoichiometry arising from oxygen vacancies. In addition, large volume changes ( 300
%) during the lithiation/delithiation inevitably generate large mechanical strain, which
leads to the electrode disintegration and induces rapid capacity fading, making it a sig-
nificant challenge to achieve superior electrochemical performance.[16] As introduced in
section 4.1.1, considerable efforts have been taken towards tailoring material structures in
order to improve the lithium storage capability of SnO2-based electrodes. For instance,
nanoparticles (0D)[173], nanotubes or nanowires (1D)[174], nanosheets (2D)[175], and
hierarchical (3D) nanostructures[176], are all attractive to enhance the electronic conduc-
tivity, accommodate volume changes and facilitate ion diffusion.[40, 59, 177]. Concerning
the structures, fabrication methods and corresponding electrochemical performances, a
series of representative works are summarized in Table 6.1 (shown at the end of this
chapter).
6.1.2 Rolled-up nanosheets
Two-dimensional (2D) nanosheet structures are particularly attractive for Li+ storage
owing to their unique structural properties and surface characteristics.[51,178] Similar to
natural leaves, 2D structures are generally acknowledged to have more active sites and
exhibit more effective surface than other structures. Particularly, a relative small length-
scale in the third dimension makes it an ideal framework for fast lithium diffusion.[179]
Recently, SnO2 nanosheets assembled in hierarchical spheres have been investigated as an-
odes, the results present enhanced performance compared to nanoparticle.[180] In Jiang’s
group, ultrathin SnO2 nanosheets have also been demonstrated to have superior electro-
chemical behaviors over nanoparticles and hollow nanosphere counterparts.[181] However,
nanosheet structures can hardly be directly synthesized due to the Ostwald ripening ef-
fect.[178, 182] For their application in lithium storage, most of the nanosheet structures
have a strong dependency on an intrinsic layered structure of parent material sources,
such as TiO2 and graphene.[56, 179,183]
In this work, rolled-up nanotechnology is employed to create nanosheets by self-rolling
and subsequent pressing. Based on the nature of rolling process, the resulting tube wall
essentially consists of multiple layers. Upon a gentle compression on the tube, the contin-
uous layers break at the edges to become nanosheets automatically. With this approach,
each nanosheet has the same composition as the originally deposited nanomembrane, and
its thickness can be precisely controlled via film deposition techniques. More importantly,
60
6.2 SnO2/Cu hybrid nanosheets as anode material
material volume efficiency can be greatly improved by excluding the large hollow tube
center. Furthermore, it can be extended to the fabrication of many other active materials
regardless the intrinsic structures of parent materials.
6.2 SnO2/Cu hybrid nanosheets as anode material
SnO2/Cu hybrid nanosheets are first designed for lithium storage. Due to the intrinsic
nonstoichiometry from oxygen vacancies, SnO2 is regarded as a n-type semiconductor
with unsatisfied conductivity.[184] Metallic Cu, which doesn’t react with both lithium
ions and the electrolyte during the electrochemical process, is employed to serve as the
supporting layer because of its high stability and ideal conductivity.[119, 124, 185] Thus
a composite nanomembrane was designed, which incorporates a 50nm SnO2 film and a
3nm Cu film by E-beam evaporation. Different from sputtering deposition, large tensile
stresses are built during film growth, leading to a tube formation by rolling upwards. With
a subsequent pressing step, all the tubes are flattened and broken at edges, resulting
in 2D hybrid micro/nano-sheets. Following the same procedures for the fabrication of
electrodes and Swagelok-type half-cells, SnO2/Cu composite nanosheets are analyzed in
VC containing electrolyte for lithium storage. Pure SnO2 sheets are prepared using the
same approach for comparison. In Figure 6.1, the tightly attached SnO2/Cu nanosheets
are clearly displayed. Each layer has an average thickness in the nanometer-scale and
planar size in the micrometer-scale.
100nm 1µm
(a) (b)
Figure 6.1: (a) SEM image of a zoomed-ion tube wall consisting of multiple windings.
(b) SnO2/Cu nanosheets from a pressed rolled-up microtube.
Figure 6.2 shows corresponding cycling results of SnO2 and SnO2/Cu nanosheets with
a current density of 100 mA g−1 in a voltage range of 0.05 V to 1.5 V. The first 10
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discharge/charge profiles of both samples are shown in Figure (6.2 (a)) and (b). Regarding
the first discharge, similar voltage profiles are observed. After a dramatic voltage drop
to 1.3 V, a SnO2 reduction plateau forms, which is assigned to the formation of Sn and
Li2O relating to Equation 6.1.[186] Consequently, metallic Sn phase forms a series of
Li-Sn alloys during following lithiation, which is demonstrated by other works and also
presents characteristic plateaus in the profiles.[187] The SnO2 reduction plateau is not
observed in the subsequent discharge cycles, which suggests that SnO2 reduction mainly
occurs in the initial cycle. Clearly, there is only ∼ 60 % of specific capacity reserved in
the second discharge. This means a large capacity loss within the first cycle, which is
partially attributed to the formation of inactive Li2O phase. The first 10-cycle curves
from SnO2/Cu nanosheets show a better retention over that of pure SnO2, this indicates
a better cyclability due to the functionality of a thin Cu layer. Although the SnO2/Cu
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Figure 6.2: Voltage profiles (a, b) and cycling performance (c, d) comparison of pure
SnO2 nanosheets and SnO2/Cu hybrid nanosheets. Both samples are measured at room
temperature with a current density of 100 mA g−1.
hybrid nanosheets present better cycling performance, the first discharge capacity is lower
than that of pure SnO2. This is due to the fact that specific capacity calculation is based
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on all functional materials, thus the 50 nm SnO2/ 3 nm Cu nanosheets contribute to
a theoretical capacity of 735 mAh g−1 owing to SnO2 weight ratio of 93 %. An excess
of specific capacity in the first cycle is widely observed, this is explained by the SnO2
reduction process and side reactions.[175, 188, 189] Figure 6.2 (c) and (d) indicate that
both cycling performance and Coulombic efficiency are improved when the Cu layer is
combined with the SnO2 film. This improvement is likely attributed to the enhanced
conductivity and structural stability.
However, most 2D nanostructures have smooth facets, which easily lead to overlap and
form agglomerates accordingly. This, in turn, will reduce the active surface area and
elongate ion diffusion paths, hence satisfactory results are hardly achieved. As shown
in the cycling performance, SnO2 sheets can only sustain 40 cycles, while SnO2/Cu hy-
brid sheets only retain half of the capacity after cycling. Consequently, considerable
efforts have been devoted to prevent such agglomeration and sustain electrode structures.
[178] One promising solution is creating loosely stacked sandwich structures by employ-
ing additional additives such as nanotubes, ultrafine nanocarbons and graphene.[179,190–
192] Recently, progress has been reported on SnO2-graphene sandwich-like 2D architec-
tures[176, 193, 194], which exhibit superior electrochemical behaviors due to facilitated
charge transfer kinetics and sidestepped aggregation. In spite of that, most of these fab-
rication methods require complex processing, and the 2D framework of the structures is
mainly limited to graphene nanosheets, upon which active materials are weakly anchored.
Therefore, alternative facile and reliable synthetic routes are highly desirable to fabricate
sandwich-like 2D nanostructures for high performance LIBs.
6.3 Sandwich-stacked SnO2/Cu nanosheets fabrication
Herein, sandwich-stacked nanosheets are fabricated via rolled-up nanotechnology. In this
stacked 2D structure, overlapping of each sheet could be effectively prevented due to the
addition of carbon black (CB) that is embedded between adjacent layers. Additionally,
carbon black itself is a good conductor, which can further improve system conductivity.
Because of the inter-layer gaps created by CB particles, adequate free space is provided
for electrolyte flow and also the volume change accommodation, which further assures a
facilitated charge transfer and structure stability. Moreover, the 2D sheets derived from
rolled-up structure not only have merits in minimized strain energy and thin film effect,
but also in the improvement of a packing density and mechanical stability. Furthermore,
this structure is directly formed by self-rolling and post pressing, which presents a great
superiority over other fabrication processes.
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6.3.1 Diagram of processing flow
The experimental processing of sandwich-stacked SnO2/Cu nanosheets is schematically il-
lustrated in Figure 6.3. A 50 nm-thick SnO2 layer was first deposited on top of pre-coated
Substrate
Sacrificial layer
SnO  layer
2
Cu layer
Carbon black (CB)
Film deposition
CB coating
Self-rolling
Pressing
Sandwich-stacked 
nanosheets
Figure 6.3: Scheme of sandwich-stacked SnO2/Cu nanosheets fabrication. After the for-
mation of rolled-up tubes clamped of CB particles, sandwich-stacked structure is created
by an external pressing.
photoresist, followed by a deposition of a 3 nm-thick Cu layer via E-beam evaporation.
The physically deposited bi-layers are uniformly contacted with strong affinity, and struc-
tural integrity of SnO2 is well-maintained due to the electrochemical inactivity of Cu.
After sprinkling carbon black (CB) (Timcal) on the hybrid film (100 µl of 0.5 mg/ml
CB-Ethanol suspension on each wafer), we thoroughly dried the CB-coated nanomem-
branes in air at room temperature. Then, the CB-coated SnO2/Cu nanomembranes are
released from the substrate by dissolving the sacrificial layer with acetone. Meanwhile,
the SnO2/Cu composite membranes together with CB automatically peel off from the
substrate. Due to the large tensile stress gradient induced during deposition process,
the nanomembranes break up into micrometer-sized pieces because of strain pulling, dur-
ing which these pieces roll up into tubular structures and clamp the CB framework in
between the neighboring SnO2/Cu windings. With proper pressure applied, tubular struc-
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tures are subsequently flattened and partially slit at the edges to form sandwich-stacked
nanostructures. Within this process, self-rolling and post pressing should be carefully
engineered.
6.3.2 Rolling up and post pressing of strained nanomembranes
The self-rolling process involves both the strained membrane and attached CB parti-
cles, whose homogeneity plays an important role in the properties of the final structures.
Hybrid nanomembranes sprayed with CB were observed by SEM both before and after
rolling. Figure 6.4 (a) clearly shows uniform dispersed CB particles with an average size
around 70 nm. After under-etching sacrificial layer, the hybrid membranes automatically
roll into SnO2/Cu tubes via strain release ( Figure 6.4 (b)). A typical tube shows a di-
ameter around 15 µm and a length in the range of hundreds micrometers. Due to the
addition of CB particles, apparently, the tube end presents several loose rollings with
interlayer space caused by carbon black.
200nm
(a)
10µm
(b)
Figure 6.4: SEM images of CB coated nanomembranes before and after rolling. (a) CB
particles with an average size of 70 nm are dispersed on top of SnO2/Cu membrane. (b)
Hybrid nanomembranes self roll into loose microtubes with CB embedded in adjacent
windings.
As described in the fabrication sketch, we conducted further pressing on the rolled-up
tubes to exclude large hollow space and simultaneously create nanosheet structures. This
step was performed by applying forces on a 3 inch Si wafer, which was placed on top of
another Si wafer covered with tubes roughly in a flat tube height (the tube diameter).
Thus the average pressure loaded on tubes was calculated via dividing the force by the
wafer size. In Figure 6.5, cross section images are displayed after different forces have been
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2µm
5µm 5µm 10µm
(a) (b)
(c)
(d)
Figure 6.5: Pressing of CB embedded rolled-up microtubes. (a) The original microtube
and the microtubes pressed by (b) 1.47 kPa, (c) 2.91 kPa, (d) 5.83 kPa are shown.
applied. With 1.47 kPa pressure loaded, the self-rolled microtubes were slightly flattened
in the direction of the applied force (Figure 6.5 (b)). When the pressure was increased
to 2.91 kPa, most of the tubes were flattened without hollow tube center, leaving only
the inter-layer gaps stuffed with CB (Figure 6.5 (c)). Once the pressure reached 5.83
kPa, the sheets were broken into small fragments without regular stacking. Hereby, all
the samples are pressed at a pressure of 2.91 kPa for periodically stacked nanosheet
structures.
6.4 Structural analysis of stacked multichannel
nanosheets
6.4.1 Sample morphology
The morphology of the stacked-nanosheets was characterized by SEM and FIB techniques.
Figure 6.6 (a) shows a top-view SEM image of as-prepared SnO2/Cu nanosheets, which
reveals their in-plane sizes are in the micrometer scale according to pristine tube diameter
(ø ≈ 20 µm before pressing). Some sheets display a bright top side, which indicates the Cu
side attached by CB particles. Contrarily, the dark sides are appointed to SnO2 surfaces,
where the Cu layer and CB are underneath. A side view of 4 stacked nanomembranes
present similar characteristics (Figure 6.6 (b)). The differences in contrast come from
different sides of the membrane, where layer 1 and 2 are with Cu film facing upwards
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Figure 6.6: SEM images of sandwich-stacked SnO2/Cu nanosheets. (a) Top-view of
SnO2/Cu nanosheets with in-plane sizes in the micrometer scale; (b) Side-view of 4
stacked layers, among which layer 1 and 2 have the Cu side on the top whereas layer 3
and 4 have SnO2 side on the top; (c) The cross-sectioned profiles reveal multi-channels;
(d) Zoomed-in cross section image displays CB spacer between each hybrid membrane of
53 nm in thickness.
while the other two layers are opposite. Clearly, these membranes are stacked with large
inter-layer spaces, which are defined as “channels” in this sandwich-stacked system. From
the cross-sectioned profile prepared by FIB cutting at a random area, regularly stacked
nanosheets are observed (Figure 6.6 (c)). The zoomed-in cross-section image in Figure
6.6 (d) displays smooth SnO2/Cu hybrid layers with a total thickness of around 53 nm.
CB particles working as sandwich stuffing of the stacked structure, however, they are not
tightly clamped in between neighboring nanosheets, resulting in larger spacing than the
size of single CB particle. Therefore, the multichannels (spaces) between adjacent layers
are very likely controlled by larger size materials, i.e. CB-clusters.
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6.4.2 Statistics of channel heights
A statistical study relating the CB-cluster sizes to the heights of the multi-channels is
shown in Figure 6.7. Based on the principle of nanosheet formation and above observation,
channel heights are determined by CB spacer. More specifically, they are closely related to
the size of large CB-clusters. On the basis of 100 CB-clusters marked in Figure 6.7 (a), a
statistical study of their distribution is shown in Figure 6.7 (c). Remarkably, CB-clusters
present an average size around 500 nm. Regarding the multi-channels referred in our
work, they are the gaps between neighboring layers, rather than the microscopic channels
created by the CB connection within two neighboring layers. In Figure 6.7 (b), these
multi-channels are clearly marked out and have an average height of several hundreds
of nanometers. Thus, the sizes of the CB clusters are comparable with the gap spacing
distribution. This is in agreement with the claim that large CB-clusters determine the
channel height.
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Figure 6.7: Statistical analysis of the CB-cluster size and channel height distribution. (a)
Statistically studied CB-clusters and (b) multi-channels are marked in circles and dashed
lines, respectively. (c) Cluster size distribution based on 100 CB-clusters.
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6.4.3 SnO2 stoichiometry analysis by XPS
SnO2 may generate different valence states during the deposition process. In order to
reveal the element stoichiometry of tin oxides, X-ray photoelectron spectroscopy (XPS)
analysis was performed in collaboration with Dr. Steffen Oswald (IKM, IFW-Dresden).
In this experiment, e-beam deposited SnO2 was compared with a bulk SnO2 reference
sample. Figure 6.8 presents the Sn 3d core level binding energy spectra of the composite
membranes at the surface. Two characteristic peaks at ∼ 486.9 and ∼ 495.0 eV, which are
assigned to Sn 3d5/2 and 3d3/2 respectively, are detected.[181] At the surface of the sample,
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Figure 6.8: XPS spectra of Sn 3d5/2 and 3d3/2 from e-beam evaporated tin oxide film.
SnO2 dominates in the composition as desired.
Sn 3d spectra are in good agreement with the characteristic band of SnO2, indicating
that surface Sn is fully oxidized to Sn4+. With 4 min pre-sputtering (Ar+, 3.5 keV),
both Sn 3d5/2 and Sn 3d3/2 peaks are found to be slightly asymmetric, which indicates
a nonstoichiometric oxygen deficiency (SnO2−x) and a small amount of Sn2+ existing in
the active SnO2 layer. This is not found for the bulk reference sample and therefore
not an effect resulting from ion beam damaging during sputtering. Due to the fact that
no characteristic peaks are observed in XRD spectra, the phase structure of SnO2/Cu is
considered as amorphous, which is in accordance with other E-beam deposited tin oxides
films.[195]
6.4.4 Energy dispersive X-ray spectroscopy analysis
In order to further determine the element composition and uniformity, EDX elemental
mapping (Figure 6.9 (a)) was carried out in collaboration of Dr. Horst Wendrock (IKM,
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IFW-Dresden). In this experiment, a primary energy of 8 keV is used, which corresponds
to a spatial resolution of about 300 nm. A sum spectrum confirms the elemental compo-
sition of the stacked SnO2/Cu/CB nanosheets 6.9(b). From both elemental mapping and
the sum spectrum, the results suggest that as-prepared samples are indeed composed of
Sn, Cu and O elements as well as uniformly dispersed CB.
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Figure 6.9: (a) SEM image of the stacked nanosheets and the corresponding C, O, Cu, Sn
elemental mapping images using EDX at a primary energy of 8 keV. (b) A sum spectrum
of the SnO2/Cu/CB stacked nanosheets providing the chemical composition.
6.5 Electrochemical characterizations
6.5.1 Cyclic voltammetry
The detailed electrochemical processes concerning lithiation/delithiation of the sandwich-
stacked SnO2/Cu nanosheets were investigated by CV measurement. The reaction mecha-
nism of SnO2-based active materials is described in section 6.1.1, where Sn is reduced from
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SnO2 in the first discharge and then reversibly reacts with Li+ by alloying/de-alloying.
Figure 6.10 (a) presents the CV curves in a potential window of 0 - 2 V at a scan rate of
0.1 mV s−1 for the first three cycles. In the initial cycle, a broad characteristic peak is
observed at 1.25 V, which relates to Eq. 6.1 and describes the reduction of SnO2 into ele-
mental Sn and the formation of inactive Li2O. The cathodic peak located around 0.9 V is
attributed to the formation of a SEI layer, which consumes Li+ and inhibits ion diffusion,
but can buffer and constrain the volume change thereafter. The two discussed peaks dis-
appear in the following cycles, indicating the irreversibility of these two processes. In the
reduction reaction, there are two additional main peaks below 0.6 V, which are assigned
to the alloying process of LixSn. During the reverse scanning, four anodic peaks in the
voltage range of 0.4 to 0.9 V are observed, which relates to the LixSn dealloying and Li+
release process.[187] The coincidence of cycle 2 and cycle 3 indicates good repetition of
the cycling performance.
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Figure 6.10: CV curves of sandwich-stacked nanosheets in (a) the first three cycles and
(b) the 9th and 10th cycles.
This electrode was then ramped at 0.2 mV s−1 for further cyclic measurement. As this
scan rate is still slow enough for diffusion driven processes, there won’t be any essential
changes in peak positions, except for current intensities. The 9th and the 10th cycle
curves are displayed in Figure 6.10 (b). Clearly, the redox peaks show great coincidence
with initial cycles, indicating stable activity of active materials. It is worth to note
that a new anodic peak located at 1.1 V is emerged, and there is no obvious cathodic
peak in the discharge curves. This feature is not often observed in other SnO2 based
anodes.[170, 189, 196] In this work, the appearance of such a peak is probably from the
partial reduction of inactive Li2O due to the presence of a thin Cu film. In principle,
metallic Cu is inactive during electrode reactions. Here, it is sequentially deposited on
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SnO2 films that have oxygen vacancies. Thus the valence states, e. g. Cu1+, Cu2+, might
be formed at the interface due to the equilibrium requirement of the hybrid membrane.
Similar to other transition metal oxides, they are able to catalytically decompose inactive
Li2O phase.[39] Therefore, a stable cycling and high specific capacity is prospective based
on this mechanism.
6.5.2 Galvanostatic measurements
Electrochemical cycling performance of SnO2/Cu-based nanosheets as anodes were char-
acterized in Swagelok-type half cells following the same procedures described previously.
The voltage window was set from 0.05 to 1.5 V vs. Li/Li+ for all the measurements.
Figure 6.11 (a) shows the first 10-cycle profiles of galvanostatic discharge/charge pro-
files. Comparing with control samples (SnO2 and SnO2/Cu nanosheets), sandwich-stacked
nanosheets present greatly improved cycling performance and Coulombic efficiency. This
is attributed to the specific architecture in which multi-channels are created by the intro-
duction of CB network. Moreover, Li2O phase produced during SnO2 reduction has been
reported to be electrochemically inactive, which substantially decreases the Coulombic
efficiency and specific capacities. But the incorporated ultrathin Cu can lead to partial
electrochemical decomposition of Li2O, which has been observed by CV measurement in
the last section. Thus an enhancement in the electrochemical performance is reasonable.
Moreover, when CB is embedded into the hybrid nanosheets to create multi-channels and
prevent overlapping, a much better performance is achieved under the same measurement
conditions.
Cycling performance of sandwich-stacked SnO2/Cu nanosheets as anode materials is
shown in Figure 6.11 (b). At a current density of 100 mA g−1, the material delivers a high
reversible capacity of 572 mA h g−1 after 100 cycles, which retains 75 % of its initial ca-
pacity. Such a stable cycling performance is superior to that of SnO2/Cu nanosheets and
many other previously reported SnO2–based nanostructures.[174, 181, 197] With higher
current rates (500 mA g−1 and 1000 mA g−1) applied, highly stable cycling performance
is also obtained at each current density for 100 cycles (Figure 6.11 (b)). Similar to the
electrode behavior at a current density of 100 mA g−1, there is a slight capacity decay
over the initial 10 cycles, which is plausibly explained by the stabilization of SEI layer.
Beyond the 10th cycle, the cycling stability becomes extremely good and the capacity
retention remains at around 90 % after 100 cycles.
In order to evaluate the cycle life of the stacked SnO2/Cu nanosheet electrodes, a current
density of 200 mA g−1 is applied for 150 cycles. As shown in Figure 6.11 (c), the first
reversible capacity is 713 mAh g−1, and a charge capacity of 535 mAh g−1 can be retained
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Figure 6.11: Electrochemical performance of SnO2/Cu-based nanosheets as anodes in
LIBs from 0.05 to 1.5 V vs. Li/Li+: (a) Charge-discharge voltage profiles of pure SnO2,
hybrid SnO2/Cu, and stacked SnO2/Cu nanosheets cycled at a current density of 100 mA
g−1. (b) Comparative cycling performance of the sandwich-stacked nanosheets at current
rates of 100, 500, 1000 mA g−1. (c) Cycling of 150 cycles at a current rate of 200 mA g−1
and (d) cell voltage as a function of the test time.
after 150 cycles with a capacity retention of 75 %. The Coulombic efficiency is maintained
well above 98 % from the second cycle on. Figure 6.11 (d) displays cell voltage as a func-
tion of test time. After almost two months discharging/charging, the cell still presents
characteristic lithiation/delithiation slopes and equal time intervals for each cycle, indi-
cating good electrode activity and remarkable cycling performance.
6.5.3 Rate capability
In addition to the excellent cycling performance, these sandwich-like stacks also exhibit
convincing rate capabilities. Figure 6.12 shows the rate capability of the anode, where
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a gradually increased current rate is applied to an assembled cell. The voltage-capacity
profile of different current densities are shown in Figure 6.12 (a). From a rate of 100 mA
g−1 to 1000 mA g−1, there is a capacity decrease owing to slow diffusion response against
applied potential. Despite of that, the characteristic slopes can also be obviously observed
in each curves. It signifies that a Faradaic process dominates the reactions even at a high
current rate. Figure 6.12 (b) displays the rate performance for 50 cycles. Starting from
100 mA g−1, a reversible capacity of 470 mAh g−1 is obtained after 40 cycles at a current
density as high as 1000 mA g−1. When the discharge/charge current density is reduced
back to 100 mA g−1, the reversible capacity increases to 590 mAh g−1 and sustains in the
following cycles.
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Figure 6.12: Rate performance of sandwich-stacked SnO2/Cu nanosheets. (a) Represen-
tative voltage-capacity profiles at various current rates. (b) Rate capability in terms of
specific capacity and cycle number.
6.5.4 Discussion
Comparing this work with others listed in Table 6.1, it is superior to most of them in
terms of fabrication methods and electrochemical results. Generally speaking, one of
the major reasons for outstanding performance is ascribed to the structure design of
stacked SnO2/Cu nanosheets. With CB as conductive inter-sheet spacer, restacking and
agglomeration of SnO2/Cu nanosheets are prevented, and the free channel space effectively
accommodates volume changes during repeated charge/discharge processes, hence stable
cycling performance could be ensured by the structural stability. As the electrolyte seeps
through the gaps between adjacent SnO2/Cu nanosheets, there is an additional pathway
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created for Li+ to reach the interior of the SnO2/Cu nanosheets. Therefore, the sandwich-
stacked nanosheets help to enhance the rate capabilities of Li-ion batteries by providing
higher electrode/electrolyte contact areas, increased number of Li-ion insertion sites, and
reduced diffusion length. Taking into account that, the characteristic time constant τ for
diffusion is proportional to the square of the diffusion length L (τ ≈ L2/D, where D is the
coupled diffusion coefficient for Li+ and e–), the diffusion time τ for Li+ will decrease by
decreasing film thickness, which finally leads to an excellent rate performance. In addition,
the hybridization of the Cu thin layer effectively enhances the electronic conductivity of
the overall electrode, and the integrity of SnO2 active layer is well preserved due to its
structure restriction. Moreover, the nanosheets are formed by self-winding during film
strain release. This could effectively ease the intrinsic strain and offer a minimization
of the system energy, and thereby enhance the tolerance to stress cracking caused by
lithiation/delithiation processes. Besides, it has improved volume efficiency compared
with former rolled-up tubular structures.
6.6 Morphology investigation of the cycled electrodes
To further investigate the lithium-driven structural and morphological changes of the
sandwich-stacked SnO2/Cu nanosheet systems, we examined the cross-section profile of
the stacked SnO2/Cu nanosheets at the 100th fully charged state by FIB cutting. The
electrode surface is shown in Figure 6.13 (a), which was obtained by disassembling the
cell in the glove box and washing it with Propylene Carbonate (PC). Care should be
taken during sample transfer to avoid atmosphere contamination, thus the sample was
protected by inert gas till it was placed in the SEM chamber. Figure 6.13 (b) shows
a random area cut by focused ion beam. As depicted in Figure 6.13 (c) the stacked
SnO2/Cu nanostructures are still maintained and the whole structural integrity of the
active electrode materials is preserved. The electron backscattering contrast in the image
relates to different elements detected by the detector, and continuous white lines indicate
the integrity of the SnO2/Cu film. With repeated expansion and shrinking during litha-
tion/delithation, the flat sheets twist and curl to form interconnected porous compounds
because of the embedded CB, which in turn strengthens the stability of the electrode
material. This is in accordance with the results in Fig. 6.11 (c) that there is no obvious
capacity decay even after 150 cycles. Therefore, we conclude that the outstanding cy-
cling performance relies on the unique stacked 2D nanosheet structures with its excellent
structural stability.
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Figure 6.13: (a) Electrode surface after 100 cycles. (b) A random area cut by FIB. (c)
Back-scattered SEM image of the cross-section profile.
6.7 Conclusion
Based on rolled-up nanotechnology, sandwich-stacked nanosheets with minimized strain
energy for lithium storage were demonstrated. When probed as anode materials for
lithium ion batteries in a half cell model, the sandwich-stacked SnO2/Cu hybrid nanosheets
exhibit significant improvement in cyclability compared to SnO2 nanosheets and SnO2/Cu
hybrid nanosheets. A high capacity of 535 mAh g−1 can be retained after 150 cy-
cles at a current density of 200 mA g−1 with 75 % capacity retention. The cycled
electrode further confirms the structure stability and excellent electrochemical behav-
iors.
This work is superior to many others arising from both the fabrication method and struc-
tural features. Experimentally, benefiting from the self rolling process via strain release,
sandwich-stacked nanosheet structure can be fabricated with almost no material limita-
tions. Also, film residual strain release via this approach could enhance stress cracking dur-
ing cycling. Structurally, the CB establishes electrical conductivity between neighboring
nanosheets as a soft medium, which could buffer the stress of volume expansion and acts
as a barrier against the re-aggregation of nanosheets during repeatable charge/discharge.
In addition, this structure is featured with thin films and multi-channels, which offers
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fast electron and ion transportation, leading to remarkably improved charge transfer ki-
netics. Furthermore, ultrathin Cu film coating not only enhances system conductivity
and mechanical stability, but also contributes to partial Li2O decomposition, which pro-
motes a high specific capacity and good cycling performance. Moreover, material volume
efficiency is improved compared to tubular structures, which is appealing for practical
applications.
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7.1 Summary
The aim of this dissertation is to investigate strain-engineered nanomembranes as elec-
trode active materials for lithium ion batteries. For the next generation of LIBs with
high energy and power density, various materials , such as Si and SnO2, are extensively
explored as substitutes for commercial graphite anodes. However, there are two general
challenges that impede their applications: (1) large volumetric change, which leads to
poor cyclability; (2) low ion diffusion rate, which limits the power density. Herein, we
proposed to combine the advantages of strain-release method with novel nanostructures,
so as to accommodate volume changes and shorten diffusion pathway, thus result in a
long cycle life with high energy and power density.
Rolled-up nanotechnology is a method employing strain engineering to change thin film
in-plane dimensions. Due to stresses generated during the thin film deposition, the stress
(strain) gradient through the film thickness causes bending of the film upon release from
the substrate, resulting strain-released structures. This method depends on physical va-
por depositions and has its unique advantages for material preparation, such as diverse
material combinations, controllable film thickness and industry compatibility. On the
other hand, structures created by this method also advance in many aspects. Firstly,
“strain release” process leads to a minimized system energy, thus they could better ac-
commodate strains(stresses) induced by Li+ insertion/extraction. For being employed
in lithium storage, they can enhance the tolerance to stress cracking and prevent the
electrode from pulverization. Secondly, they are hierarchical structures with planar size
in the micrometer-scale and film thickness in the nanometer-scale, which improves a
packing density compared with nanostructures and preserves the merits of nanofilms.
Thirdly, these structures usually have hollow internal space (i.e. tube center or inter-
layer gap), which effectively buffer the volume changes and are thus promising for energy
storage.
In this dissertation, a new type of tubular configuration is introduced by self-rolling of
Si/C composite membranes with two different carbon thickness. Si was studied as anode
79
7 Summary and prospects
material because it has the highest theoretical capacity (∼ 4200 mAh g−1), cheapness
and environmental benignity. But its large volume change (up to 400%) during cycling
easily induces capacity fading and electrode disintegration. Si/C bilayer composite tubes
are successfully fabricated via rolled-up nanotechnology. With SEM analysis and Raman
spectroscopy, the tubes are determined to consist of a-Si and a-C materials and present an
average diameter around 7 µm. The SEI layer is clearly demonstrated by SEM character-
ization of electrodes at different statuses, and Li+ insertion/extraction is investigated by
both cyclic voltammetry and galvanostatic measurement. Regarding the cycling proper-
ties, 40 nm Si combined with 20 nm C displays better performance over that of 40 nm Si/
10 nm C, which indicates a positive effect on the increase of conductivity. However, both
combinations present unsatisfying specific capacities and Coulombic efficiencies, which are
ascribed to an uneven conductive network and tightly attached tube walls. Therefore, an
advanced structure is proposed for better electrochemical behaviors.
In order to aim at an even conductive network and better structural stability, a trilayer
C/Si/C nanomembrane was designed with a thickness combination of 10/40/10 nm. By
tuning of the argon pressure during the deposition process, loosely rolled up tubes were
prepared with an average diameter of around 20 µm. The electrochemical performance
shows significant improvement compared to the C/Si systems. A high capacity of ∼ 2000
mAh g−1 can be retained at a current density of 50 mA g−1 without discernible decay,
and the capacity can keep ∼ 1000 mAh g−1 even after 300 cycles at 500 mA g−1 with
almost 100% capacity retention. Rate performance measurements demonstrate that this
structure can sustain a fast discharging/charging rate of 25 A g−1, and around 1000 mAh
g−1 can be retained once the current rate recovers to 500 mA g−1. The evolution of
microtubes with cycling are investigated via FIB cutting. The cross-sectioned profiles
signify a well-maintained tubular structure after 82 cyclea, which is in accordance with
the stable cycling performance. Moreover, Auger electron spectroscopy (AES) depth
profiling clearly proves that the 10 nm carbon coating on both side of Si keeps its integrity
during the first lithation. The sandwich-structured C/Si/C composites with moderate
kinetic properties toward Li+ ion and electron transport are of the highest quality. The
excellent cycling performance is related to both self-rolled structures and double-sided
carbon coating. The synthetic process shows attractive potential of being compatible
with existing industrial sputtering deposition processes, as well as roll-to-roll thin-film
fabrication technology.
With the attempt to further decrease tube hollow space and thus increase active mate-
rial packing density in electrodes, compact sandwich-stacked SnO2/Cu nanosheets were
created by self-rolling with subsequent pressing. SnO2 anode material is one of most in-
vestigated oxides owing to its high theoretical capacity (∼ 781 mAh g−1g), environmental
friendliness, and its relatively low Li+ intercalation potential. The resulted structures
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were investigated by SEM analysis and FIB cutting, through which a novel structure of
2D nanosheets periodically stacked by clamping CB particles in alternating layers was
revealed. Additionally, the channel height is concluded to be determined by the size of
CB clusters through statistical analysis. EDX elemental mapping confirms the sample
composition and homogeneity of CB particles. From the XPS spectra, the stoichiom-
etry of SnO2 is confirmed. When probed as anode materials for lithium ion batteries
in a half cell model, the sandwich-stacked SnO2/Cu hybrid nanosheets exhibit signifi-
cant improvement in cyclability compared to pure SnO2 nanosheets and SnO2/Cu hybrid
nanosheets. At room temperature, sandwich-stacked SnO2/Cu nanosheets exhibit a high
reversible capacity of 764 mAh g−1 at 0.1 A g−1, a stable cycling performance of ∼75
% capacity retention at 0.2 A g−1 after 150 cycles, as well as superior rate capability.
Except for the advantage of film strain release, the excellent electrochemical behavior
is attributed to the following reasons:(1) the use of a CB inter-sheet spacer, which es-
tablishes a conductive network and acts as a soft medium to buffer volumetric changes
and as a barrier against the re-aggregation of SnO2/Cu nanosheets during cycling; (2)
the creation of multi-channels exposes large surfaces of nanosheets, which could enhance
ion kinetics as well as the interaction between active materials and the electrolyte; (3)
the Cu thin film improves system conductivity and preserves the integrity of SnO2 active
layer, additionally, its valence state catalytically decomposes Li2O, which is helpful with
stable cycling performance and high specific capacity. The proposed strategy is facile
and general, which can be applied to the fabrication of other electrode materials with a
multichannel design, and enhanced electrochemical performance for lithium ion batteries
should be expected.
7.2 Prospects
Strain-engineered nanomembranes as anodes for lithium ion batteries are systematically
studied in this dissertation. Outstanding cycling performance and rate capability have
been obtained for Si based tubular structures and SnO2 based nanosheets, while the lat-
ter have higher volume efficiency for practical applications. These results indicate that
rolled-up nanotechnology is an advanced approach for the fabrication of anode materi-
als. However, there are still many aspects that need to be improved in future research
work.
The first direction of further development is to replace the currently used binder. The
polymer binder plays an significant role in battery performance since it provides adhesion
between electrode particles and between electrode films and current collectors. Good elec-
trochemical performance such as specific capacity and cycle life cannot be achieved if the
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adhesion strengths are insufficient. Due to its electrochemical stability at the high voltage
range, polyvinylidine difluoride (PVDF) binder is widely used for lithium ion batteries
and also in my thesis work. However, the main disadvantage is that it can only dissolve in
specific organic solvents such as N-Methyl-2-pyrrolidone (NMP), which needs special pro-
tection during handling. Additionally, it can not sustain large repeated volume changes,
especially for Si which has 400% volume expansion. In the next step, we can replace
PVDF with new binders, such as sodium alginate (SA) or carboxymethyl cellulose (CMC).
They contain a large amount of carboxylic groups, leading to a great number of possible
binder-bonds for electrode materials. They also have excellent mechanical properties in
electrolyte solvents (Kovalenko et al.). Furthermore, they are cheap and can easily dissolve
in aqueous solution. Since C/Si/C self-rolled tubes have achieved outstanding lithium
storage capability with PVDF binder, they are expected to display further enhanced
electrochemical performance when new binders are employed.
Another research direction is investigating the cathode materials based on rolled-up nan-
otechnology. In reality, the energy density limitation of LIBs comes from the cathode
materials, whose specific capacity is one magnitude lower than that of anode materials.
Upon the achievement of anode materials, it is prospective to use rolled-up technology
for cathode materials. Merits from diverse material combinations, multi-components and
thus polyanion cathode materials could be readily obtained (e.g. LixMyXO4 (M = Fe,
Mn, Ni, Co, etc. X = P, Si, etc.)). By creating strain-released structures, particularly the
layered structure, hopefully it is capable to address the issues of low reversible capacity
and cyclability. Moreover, a full cell can be explored based on the cathode and Si anode,
which is closer to practical applications.
Scaling down the size of batteries is essential for the miniaturization of electronic devices.
Bulk tubes have been demonstrated to exhibit superior electrochemical behaviors, thus
it is worth to investigate micro-batteries, which integrate all the active components in
a single microtube. Rolled-up nanotechnology provides a facile way to fabricate micro-
batteries by lithography and material deposition. Furthermore, single batteries with opti-
mized performance can readily be connected in parallel or in series to implement specific
functionality. Therefore, it is of great interest to carry out research on micro-batteries
and on-chip energy storage systems.
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Theses
1. Lithium-ion batteries have been commercially successful energy storage devices dominat-
ing portable electronics. The next generation of LIBs for broader applications, such as
transportation systems, is dictated with higher energy and power density.
2. Electrode materials play a key role in the battery performance. For potential substitutes of
graphite anodes, the preparation of nanostructured composites is prospective in alleviating
the intrinsic challenges of LIBs, which include material pulverization, slow Li+ diffusion
etc..
3. Rolled-up nanotechlogy is a facile approach to rearrange nanomembranes and fabricate
strain released structures in the micro/nanoscale.
4. The self-wound nanomembranes can consist of diverse functional layers upon specific re-
quirements, and thin film deposition methods are compatible with mature industrial-
techniques.
5. If the rolled-up structures are used for lithium storage, their minimized strain energy could
enhance structure tolerance to stress caused cracking during lithiation/delithiation, and
prevent material from pulverization.
6. Rolled-up tubular structures provide hollow center to accommodate volume changes in-
duced by Li+ insertion/extraction, thus potentially maintain electrode integrity.
7. The lithium storage capability of composite rolled-up tubes is demonstrated superior to
that of counterpart particles.
8. With a sandwiched membrane design, the active layer is coated with functional material
on both sides, and a further enhanced performance is observed.
9. Upon self-rolling and subsequent pressing, rolled-up nanotechnology is facile to fabricate
sandwich-stacked nanosheets, and it exhibits great superiority to other methods for similar
structure fabrication.
10. The resulted nanosheets not just inherit the merits from film strain release, but have
improved material volume efficiency by excluding the overlarge hollow center space.
11. Sandwich-stacked structures, that use carbon black as spacer, effectively enhances system
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conductivity, prevents re-stacking and agglomeration of nanosheets, and also creates multi-
channels for facilitated charge transfer.
12. When used for anode materials, the stacked-nanosheets present outstanding electrochem-
ical performance in terms of cyclability and rate performance.
13. The creation of strain-released structures is facile and general via rolled-up nanotech,
which can be applied to the fabrication of other electrode materials, and enhanced elec-
trochemical performance for lithium storage can be expected.
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